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Artificial soft matters are a class of materials which can be easily deformed by external 
stress, typical examples include foams, colloids, elastomers, and hydrogels. Due to their 
unprecedented and unique properties, such as large deformability, high resemblance to 
biological systems, versatile response to multi-physical stimuli, and biological 
compatibility, soft matters have found applications in fields like soft actuators and robots, 
soft sensors, bio-mimicking material systems, micro-fluidic system control, biomedical 
engineering, etc. In these applications, the large deformability of soft matters has taken an 
enabling role. The deformation theory of polymeric soft matters can date back to 1940s in 
the early infancy of the statistical mechanics sketch of rubbery materials, with a fast growth 
in the most recent decade concurring the latest progress in soft matters. However, the 
mechanical modeling of soft matter leaves many open questions.  
This doctorate research is devoted to advance the understanding of the deformation 
mechanics of soft matter, specifically, from the following aspects: (1) how the chemo-
  
mechanical interaction between the solvent molecules and the polymeric network invokes 
anomalous behaviors of a thin-walled hydrogel structure under internal pressure, in 
contrast to its polymer counterpart; (2) the application of the dielectric elastomer as sensing 
medium in soft sensor technology; (3) the development of a novel light-responsive 
hydrogel material system with the application in bio-mimicking shape transform; (4) and 
enriching the existing theory to facilitate the mechanistic understanding of the 
deformational behaviors of a type of fiber-reinforce anisotropic hydrogels.  
For that, this dissertation (1) reveals the delayed burst of hydrogel thin-shell structures as 
a new failure mechanism, which is dissimilar from the instantaneous burst of a rubber shell: 
at a subcritical applied pressure the burst occurs with a delay in time; (2) presents a facile 
design of capacitive tactile force sensor using a dielectric elastomer subjected to a modest 
voltage and a pre-stretch; (3) develops a theoretical framework to simulate the light-
responsive deformation of the proposed hybrid hydrogel system; and (4) from the 
perspective of micromechanics, constructs a constitutive model suitable for the microfiber-
reinforced anisotropic hydrogel, with large deformation, mass transportation, and the 
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Chapter 1: Introduction 
1.1 Background and Motivation 
Artificial soft matters are a class of material which can be easily deformed by external 
stress[1]. Typical examples include foams[2], [3], colloids, elastomers[4]–[6], and 
hydrogels[1], [7]–[13]. The past decades have witnessed a rapid growth in research interest 
in soft matters due to their unprecedented and unique properties, such as large 
deformability, high resemblance to biological systems, fast and versatile response to multi-
physical stimuli, and biological compatibility[10]. As a result, soft matters have found 
applications in fields like soft actuators and robots[4]–[6], soft sensors, bio-mimicking 
material systems, micro-fluidic system control [9], [11]–[13] tissue engineering [7], [14] 
biomedical engineering [7], [9], [10], [13], drug delivery system [15] and in the 
development of novel materials with exceptional mechanical properties [8].  
 






Figure 1.2 Examples of the applications of soft materials. (a) A dielectric-elastomer-based robot 
gripper[4]. (b) A microfluidic channel system with hydrogel-based controllable valves [9]. (c) A 
morphology change strategy based on hydrogel. [17] (d) A tough hydrogel with exceptional 
stretchability and toughness [8].  
In the development of the abovementioned applications, the large deformability of soft 
matters has taken an enabling role. For example, the robot fingers rely on the deformation 
actuated by dielectric elastomer to perform gripping and releasing [4]; the hydrogel valve 
in the microfluidic control system switches between on/off mode by shrinking or swelling 
[9]; the macroscopically hybrid hydrogel piece scrolls into a 3-dimensional morphology 
by invoking the differential swelling of the neighboring gel blocks [17]; and the super 
tough and extremely stretchable hydrogel is realized through a deformation procedure 





such a polymeric-network-based soft material can afford all types of large deformation, 
including shrinking, swelling, bending, and stretching.  
The deformation theory of polymeric soft matters can date back to 1940s in the early 
infancy of the statistical mechanics sketch of rubbery materials. For example, the 
interaction mechanism of solvent molecules dispersed in the polymer matrix in a hydrogel 
material is formulated by Flory and Rehner, as a pioneering work in this field [18]. From 
a thermostatistical point of view, the free energy of a hydrogel is postulated to take the 
form of 
 𝑊𝑊 = 𝑊𝑊network + 𝑊𝑊mixing (1-1) 
where Wnetwork represents the entropic conformational energy due to the deformation of the 
polymer network, and Wmixing denotes the energy stemming from the mixing of two 
chemical species. Ever since, this formulation has been revisited sporadically over a time 
span of half a century [14], [18]–[21]. However, these developments are mainly restricted 
to the aspect of statistical mechanics and physics, until the Flory-Rehner theory was recast 
by Zhao et al. [22] and Hong et al. [23] in the framework of continuum mechanics, which 
concurs the recent fast progresses in soft matter [1], [7]–[13]. 
The physics depicted by Equation (1-1) is concise but powerful. In fact, the second term 
can be replaced by the energy of all other natures presenting in the soft matter system, i.e. 
 𝑊𝑊 = 𝑊𝑊network + 𝑊𝑊other (1-2) 
The material specific of Wother makes possible the constitutive model of a vast variety of 





temperature sensitive hydrogel, Wother represents the enthalpy of a globule-to-coil phase 
transition of network [24], [25]; for an ionic hydrogel, Wother includes the energy due to 
ionic association/dissociation [26], [27]; for a dielectric elastomer, Wother represents the 
electrostatic energy of polarization [28], [29]; and for a hydrogel system with embedded 
colloidal micro-filler array, Wother accounts for the DLVO potential of the colloid particles 
[30], etc.  
1.2 Scope and goals 
This research plan is devoted to advance the understanding of the deformation mechanics 
of soft matters, specifically, from the aspect of (1) the chemo-mechanical interaction of the 
solvent molecules and the polymeric network in a hydrogel; (2) the application of the 
dielectric elastomer in soft sensor technology; (3) the development of a novel light-
responsive hydrogel material system with the application of bio-mimicking shape change; 
(4) as well as enriching the theoretical scheme formulated by Equation (1-2) to model the 
behavior of a type of fiber-reinforce anisotropic hydrogel.  
Within the topic of Deformation Mechanics of Soft Matter under External Stimuli, the 
layout of this doctorate reach is organized into the following chapters: 
1.2.1 Deformation of a thin-walled hydrogel structure and delayed burst in a 
hydrogel balloon 
This chapter attempts to demonstrate how the chemo-mechanical interaction between the 
solvent molecule species and the polymeric network would invoke anomalous behaviors 





polymer counterpart. Specifically, the delayed burst mechanism in the inflation of a 
hydrogel balloon is investigated. Such a unique instability phenomenon might also be 
complicated by the delayed fracture of the hydrogel material, leading to a failure mode that 
is previously unseen. 
1.2.2 Dielectric-elastomer-based capacitive force sensor with tunable and enhanced 
sensitivity 
This chapter focuses on the deformation mechanics of dielectric elastomers. We leverage 
the tunable mechanical behavior of dielectric elastomer under voltage in the facile 
development of a force sensor with enhanced and tunable sensitivity. The sensitivity of the 
sensor can be continuously elevated in an in-situ manner to more than 40 times its original 
performance.  
1.2.3 Deformation of temperature-sensitive hydrogel and the development of a light-
responsive morphology transform 
The deformation mechanics of poly (N-isopropyl acrylamide) temperature-sensitive 
hydrogel in an inhomogeneous temperature field is studied in this chapter. The deformation 
of the hydrogel is obtained by a using coupled heat transfer and mechanics finite element 
method scheme. We further present a hybrid hydrogel system, which comprises a dispersed 
Au nanoparticle phase that absorbs near infrared irradiation and transduces the light into 
heat flux. The present hybrid hydrogel system features a fast and reprogrammable shape 





1.2.4 Deformation mechanics of fiber-reinforced anisotropic hydrogels 
This chapter aims to enrich the deformation mechanics of hydrogel to model the anisotropic 
material properties of a type of fiber-reinforced hydrogel. We put forward a free energy 
density function which incorporates the conformational energy due to the affine 
deformation of the reinforcement fiber family. This constitutive model is related to the 
microscopic picture of the fiber-reinforced hydrogel through a distribution function of the 
constituent fibers. Through an array of studied cases, such as anisotropic free swelling, 
deformation under uniaxial stretch, we verify the proposed model’s capability of capturing 
anisotropic behaviors of microfiber-reinforced hydrogels. We will enable the theoretical 
prediction of the deformation under complicated and inhomogeneous external loads. More 
importantly, we will apply the model in an attempt to shed light in some intriguing and 








Chapter 2: Deformation of a Thin-Walled Hydrogel Structure and 
Delayed Burst of a Hydrogel Balloon1 
When inflating a rubber balloon, it is commonly concluded that a sudden expansion in 
balloon size (i.e. the burst) occurs once the inner pressure reaches a critical threshold, the 
instantaneous burst pressure. Such burst phenomena are usually attributed to the snap-
through instability. In this work, we demonstrate that when a hydrogel balloon is subject 
to a subcritical pressure lower than the instantaneous burst pressure, the hydrogel balloon 
may remain stable for a span of time, and then burst suddenly. We refer to such burst 
phenomena as the delayed burst of the gel balloon. When subject to such a subcritical inner 
pressure, a hydrogel balloon slowly and continuously absorbs solvent and swells. We find 
the instantaneous burst pressure of the hydrogel balloon to be a decreasing function of 
swelling ratio. The criterion for the onset of the burst is that the swelling-related 
instantaneous burst pressure drops to the applied inner pressure. The delayed burst can, 
therefore, be attributed to the time needed for the hydrogel swelling to reduce the 
instantaneous burst pressure to the level of applied pressure. We further delineate a map 
indicating three distinct deformation modes of gel balloons, i.e. instantaneous burst, 
delayed burst, and steady deformation without burst (safe mode), in the parameter space of 
applied pressure and mechanical properties of the hydrogel. The delayed burst of a 
hydrogel balloon is counterintuitive and a crucial aspect in developing hydrogel-shell-
                                                 
 
1 The main findings from this chapter have been published as J. Cheng, Z. Jia, H. Guo, Z. Nie, T. Li, Delayed 






based soft actuators and soft machines. The research findings may shed light on the 
understanding of the complex failure mechanisms of hydrogel actuators and also facilitate 
the design of hydrogel-based tissue delivery capsules. 
2.1 Background  
Hollow thin-shell structures have found widespread applications from as small as nano-
anodes in Li-ion batteries [31] to as large as radar domes and fuel tanks [32]. The past 
decade has witnessed a wealth of attentions paid to soft thin shells, which represent a 
paradigm shift in research interests from conventional rigid structures to deformable, 
inflatable, and multifunctional components. For instance, the use of soft polymeric thin 
shells has been embraced as a trending strategy for soft actuator and soft robot design: 
inflated either pneumatically or hydraulically, such a strategy provides a promising avenue 
for agile and swift actuation. By controlling the pressurization of each individual joint in 
concert with the others, the actuators are able to achieve complex motions, such as walking 
[33]–[35], jumping [36], swimming [37], [38], and gripping [39]. For example, Wehner et 
al. successfully prototyped a soft octopus-like robot and controlled its motion via an 
embedded microfluidic system [40]; Acome et al. designed a soft gripper driven by the 
localized inflation of a hollow structure by electrostatically directing the motion of liquid 
dielectrics [39]; Kim et al. demonstrated a multifunctional inflatable catheter as a surgical 
tool that delivers therapy and diagnosis to desired local lesions [41]. Despite successful 
applications of soft polymeric thin-shell structures in soft actuators and medical devices, 





poor biocompatibility arouse from the physical dissimilarity between polymeric materials 
and living tissues. 
Hydrogels are composed of a considerable amount of water and a polymer network. This 
unique combination provides biocompatibility, permeability, and deformability. For this 
reason, hydrogel thin-shell structures such as hydrogel capsules have emerged in a myriad 
of biomedical applications such as in vitro 3D tissue culture [42]–[45], biomedical sensors 
[46], cell-based therapy development [47]–[49], drug delivery [50], and bio-mimicking 
structures [51]. Alessandri et al. described a method to culture tumor cellular aggregations 
encapsulated in cross-linked alginate hydrogel shells. By monitoring the expansion or even 
burst of the hollow spherical hydrogel shells, the growth of tumor cells under mechanical 
confinement can be directly investigated [46]. In addition, for applications such as drug 
release [52] and cell therapy [53], the burst and degradation of the hydrogel capsule play a 
pivotal role. That is, the burst event has to precisely concur with the drug’s arrival at the 
delivery target or the tissue’s full development. A premature release only results in an 
unsuccessful delivery of under-developed tissues, whereas a late burst may cause adverse 
reactions [53], [54]. Therefore, understanding the deformation and burst mechanism is the 
key to successful applications of hydrogel thin-shell structures in biomedical and tissue 
engineering. 
Inflation and burst of an elastomeric thin-walled structure have long been a focal topic of 
solid mechanics. One of the earliest accounts of the inflation of a rubber balloon is 
predicted analytically by Feodos’ev [55]. This pioneering work was followed by others 





different constitutive assumptions [56]–[59] and of different geometries [60], [61]. 
According to these classical notes, it is both observed experimentally and concluded 
theoretically that, when inflating a rubber balloon, a sudden expansion in balloon size (i.e. 
the burst) occurs once the inner pressure reaches a critical threshold, the instantaneous burst 
pressure. Such burst phenomena are commonly attributed to the snap-through instability. 
Based on these understandings, most recent research interests are also directed to harness 
such snap-through instability to our benefit, such as achieving enhanced actuation 
performances of soft actuators [62], [63], or to investigate the highly enriched deformation 
bifurcations of electrically active soft materials due to instability [64], [65]. 
Despite extensive studies on elastomeric thin-walled structures, the instability of hollow 
hydrogel structures is far from well understood. Wang and Cai investigated drying induced 
growth of inner cavity in confined hollow spherical hydrogels [66], however, in that study, 
the inflation of the hydrogels is restricted by rigid confinement at its outer surface. 
Alessandri et al. experimentally observed growth-induced bursts of the spherical hydrogel 
capsules in the culture of tumor tissue, however, a quantitative mechanistic understanding 
of the burst of hydrogel capsules remains elusive [46]. To address these unsolved issues, a 
systematic study of inflation and burst of hollow thin-walled hydrogel structures should be 
carried out. Most recently, Zamani and Pence investigated the swelling-induced burst of a 
swellable Mooney-Rivlin spherical shell [67]: the pressure-expansion response was simply 
studied by assigning an increasing swelling factor to the elastic shell; However, some key 
questions still remain unclear in their study: (1) What is the underlying physics bestowing 





under inner pressurization? (3) If the further swelling indeed occurs, what serves as the 
driving force and to what extent the balloon shell will swell? In the present paper, we will 
directly answer these open questions.  
As aforementioned, hydrogels intrinsically differ from elastomers and polymers. In the 
hydrogel, the polymer chains are interacting with water molecules by weak intermolecular 
forces. When a hydrogel is in contact with an aqueous environment and subject to 
mechanical loads and confinements, water migrates in and out the hydrogel to 
accommodate the applied loads and boundary conditions. Therefore, the deformation 
behavior and failure of a hydrogel structure also deviate from its water-free elastomeric 
counterparts. For example, when a hydrogel sample containing a pre-crack is subject to a 
static load less than the critical load for instantaneous fracture, the pre-crack initially 
remains virtually stationary for some time, followed by sudden and rapid propagation, 
causing a catastrophic fracture. Such a facture mode of hydrogel is referred to as delayed 
fracture [68]–[71], which is usually attributed to viscoelasticity stemming from mechano-
chemical reaction in stressed molecular chains [72], [73], dissociation of physical 
crosslinks [74], [75], and migration of water molecules [68]. Nonetheless, the existing 
investigation into the delayed failures of hydrogels is primarily limited to its fracture.  
Herein, we unveil the delayed burst of hollow spherical thin-walled hydrogel structures 
(i.e. a hydrogel balloon), a failure mode that has not as yet investigated. Under an interior 
pressure, a hydrogel balloon gradually and continuously absorbs water and swells. This 
fact leads to the anomalous delayed burst behavior of a hydrogel balloon: when subject to 





remains stable for a span of time, slowly grows and swells, then expands suddenly in size 
until burst to fracture. Delayed burst is counterintuitive as it is triggered by a load below 
the critical threshold for instantaneous fracture. Such a failure phenomenon is also more 
detrimental than instantaneous burst given its latent nature. Even worse, delayed burst may 
complicate other failure mechanisms of a hydrogel balloon, such as delayed fracture [68], 
structure buckling [76], and swelling induced wrinkling [77], [78], especially in the 
presence of geometry imperfections [79] and material defects [66], [68], [80]–[82]. From 
the perspective of applications, whether it is on one end of the spectrum where the burst 
phenomenon is intended as a design feature to fulfil functions such as drug release and cell 
delivery, or on the opposite end where delayed burst is deemed as a failure mode of 
applications such as soft actuators, soft robots, and in vitro cell cultivation, an accurate 
mechanistic understanding of the delayed burst of hydrogel balloons is of vital importance.  
The rest of this paper is organized as follows. In Section 2, we examine the long-term, 
hence equilibrium deformation behavior of a hydrogel balloon under interior pressurization 
at a constant load. The most intriguing finding is the balloon’s propensity to imbibe more 
water molecules into its hydrogel shell, accompanying its expansion in size. Section 3 
investigates the instantaneous response of a hydrogel balloon when subject to a rapidly 
supplied pressure. The findings in Sections 2 and 3 lead to a theoretical explanation of the 
delayed burst phenomenon of a hydrogel balloon in Section 4. In Section 5, we extend the 






2.2 Deformation of a Hydrogel Balloon 
2.2.1 The long-term response of a hydrogel balloon during slow inflation  
 
Figure 2.1 Schematic of the inflation process of a hydrogel balloon. (a) The dry state of a hydrogel 
balloon with its radius being R and thickness H, where H≪R. (b) The free-swelling equilibrium 
state of the hydrogel balloon in water. (c) The inflated states of the balloon under an inner pressure 
P. Dashed-line shell: instant deformation under fast pressurization (tp≪teq); solid-line shell: long-
term final deformation of the hydrogel balloon due to fast inflation (tp≪teq) or quasi-equilibrium 
deformation during slow inflation (tp≫teq). 
The inflation process of a hydrogel balloon is depicted in Figure 2.1. In its completely 
dehydrated state (water concentration C=0), a spherical hydrogel shell (or a hydrogel 
balloon) has a radius of R and a thickness of H, as shown in Figure 2.1(a). In this section, 
we first consider a thin spherical balloon, namely H≪R. When immersed in water, the 
hydrogel balloon swells uniformly to a stress-free state with a water concentration C0 and 
an isotropic stretch ratio λ0, such that the network equilibrates with the water surrounding 
in absence of a mechanical load. With this stress-free stretch ratio λ0, the radius expands to 
R0= λ0R and the thickness increases to H0= λ0H (Figure 2.1(b)). In the next step, the balloon 





and the thickness becomes h. Under an evenly distributed interior pressure, the inflated 
hydrogel balloon retains the spherical symmetry. Provided that the thickness of the balloon 
shell is much smaller than the overall size of the balloon, the variation over the thickness 
of both hoop stretch λθ and radial stretch λr are negligible. Thus, λθ can be evaluated 
approximately at the inner surface; similarly, λr can be estimated as the average over the 








where λθ and λr represent the hoop and radial stretches with respect to the dry state, 
respectively.  
The deformation of hydrogels in response to mechanical forces is time-dependent, resulting 
from the migration of water molecules. The time needed by the hydrogel balloon to reach 
an equilibrium via water diffusion, teq, approximately scales with H02/D. Here H0, the free-
swelling shell thickness, constitutes the characteristic length; D represents the diffusivity 
of water molecules transporting through the hydrogel. Another time scale relevant to the 
balloon inflation, the time of the pressurization procedure tp, is defined as the time period 
as the inner pressure builds up from 0 to P. Depending on the comparison between teq and 
tp, the balloon exhibits disparate mechanical responses to the applied pressure. In the 
scenarios where pressurization occurs very fast, i.e. tp≪teq, the local water concentration 
inside the hydrogel remains at the same level C0 as the free-swelling state during the entire 
loading process, since the time of pressurization tp is too short for any water molecule to 





hydrogel balloon deforms to what we term the instantaneous inflated state, as sketched 
schematically by the dashed-lines in Figure 2.1(c).  
Considering the molecular incompressibility [23], [83], the volume ratio J can be related 
to the local water concentration C through 
 𝐽𝐽 = 1 + 𝑣𝑣𝑣𝑣 (2.4) 
where ν is the volume per water molecule. This equation implies that in hydrogel both the 
polymeric network and the water molecules are incompressible. As a result, the volume of 
the hydrogel is a summation of the volume of these two constituents. Therefore, because 
of the unchanged water concentration C, the balloon’s instantaneous response to a fast 
inflation is featured by a volume-conserving deformation, similar to the deformation of 
elastomeric materials, whose volume change is often negligible. Note that here the 
conserved volume refers to that of the hydrogel shell rather than the volume enclosed by 
the balloon; the enclosure volume will nevertheless increase as the balloon expands.  
However, if the pressure is applied during a slow process (tp≫teq) that takes place 
incrementally and in a quasi-equilibrium manner, the inflation is accompanied by water 
transportation across the hydrogel network. According to the molecular incompressibility 
condition (Eq. (2.2)), with more water content uptake, the volume of the hydrogel shell 
increases by the volume of the water entering the polymeric network; and conversely, it 
decreases due to local water content loss. Therefore, the water concentration C is subject 
to vary in these equilibrium deformations (C≠C0). While the pressure builds up, the water 





gradually through a series of quasi-equilibrium states. Moreover, for fast inflation (tp≪teq) 
if the applied pressure is maintained after completion of the loading, i.e. P=const for t>tp, 
the hydrogel balloon also evolves towards a final equilibrium state, which is the long-term 
response to pressure P. Regardless of the loading characteristics, given the same applied 
pressure, the equilibrium responses are essentially the same. The boundary of the 
equilibrium deformation state is defined by the solid shell in Figure 2.1(c).  
In this section, we focus our attention on the long-term/equilibrium deformation of the 
hydrogel balloon, while leave the instantaneous response to be studied in the next section. 
Following previous works [23], [83], when immersed in a solvent reservoir with a constant 
chemical potential µ, the free energy density of a hydrogel in the reference state can be 
expressed by  
𝑊𝑊 = 1
2
𝑁𝑁𝑁𝑁𝑁𝑁(𝜆𝜆12 + 𝜆𝜆22 + 𝜆𝜆32 − 3 − 2log𝐽𝐽) −
𝑘𝑘𝑘𝑘
𝑣𝑣






(𝐽𝐽 − 1)        
(2.5) 
where N is the number of polymer chains per unit volume in the dry state, kT is the absolute 
temperature in unit of energy, λi (i=1, 2, 3) denotes the principal stretches of the deformed 
state, J= λ1λ2λ3 is the volume ratio and is related to the local water content through Eq. 
(2.2), and χ is the dimensionless Flory-Huggins parameter representing the enthalpy of 
mixing.  
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In particular, relative to the dry polymer network, a freestanding hydrogel immersed in 
water swells with isotropic stretches λ1=λ2=λ3=λ0, where λ0 denotes the isotropic free-
swelling stretch. Since the free-swelling state is associated with a stress-free deformation, 
λ0 can be determined by equating the Cauchy stress in the hydrogel to zero. Given the value 
of Nv, the free-swelling ratio λ0 can be expressed as follows: 
 𝑁𝑁𝑣𝑣(𝜆𝜆0−1 − 𝜆𝜆0−3) + log(1 − 𝜆𝜆0−3) + 𝜆𝜆0−3 + 𝜒𝜒𝜆𝜆0−6 − 𝜇𝜇/𝑁𝑁𝑁𝑁 = 0 (2.7) 
The dimensionless group Nv is identified as the shear modulus of the dry state polymer 
under infinitesimal strain. 
When subjected to an evenly distributed interior pressure, a hydrogel balloon undergoes 
spherically symmetric deformation. Taking advantage of symmetry, we have hoop 
stretches λ1=λ2=λθ, radial stretch λ3=λr, and volume ratio J= λθ2λr. Plugging these relations 
into Eq. (2.4-1), the nominal hoop and radial stresses are 
 𝑆𝑆θ
𝑘𝑘𝑘𝑘/𝑣𝑣
= 𝑁𝑁𝑣𝑣�𝜆𝜆θ − 𝜆𝜆θ−1� + 𝜆𝜆θ−1 �𝐽𝐽log �1 −
1
𝐽𝐽
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And the Cauchy stresses in the hoop and radial directions can be calculated by using Eq. 
(2.4-2) as  
 𝜎𝜎θ
𝑘𝑘𝑘𝑘/𝑣𝑣



























= 0   (𝑟𝑟 ≤ 𝜌𝜌 ≤ 𝑟𝑟 + ℎ) (2.10) 
where ρ is the radius of a differential spherical layer in the deformed configuration. 
Consider that for a thin-walled hydrogel balloon with H≪R, when inflated, the tensile 
stress in the hoop direction σθ is orders of magnitude greater than the compressive stress in 
the thickness direction σr. Therefore, the triaxial stress state in the balloon shell can be 
approximated by an equal-biaxial state, namely, 









Moreover, in a thin-walled hydrogel balloon, σθ barely varies over the thickness of the 
balloon shell. Although σr varies from –P to 0 through the thickness, its magnitude is trivial 
compared to the hoop stress σθ. As a result, the value of (σθ−σr)/ρ in Eq. (2.8) can be treated 













𝑟𝑟 𝑑𝑑𝜌𝜌 (2.12) 
yields 




Substituting Eq. (2.7) and the relations that λθ =r/R and λr =h/H into Eq. (2.11) we can 





𝑁𝑁𝑣𝑣 ∙ �𝜆𝜆θ−1 − 𝜆𝜆θ−7𝐽𝐽2� (2.14) 
By adopting an approximation of the equal-biaxial stress state, σr vanishes, so that Eq. (2.6-
2) gives 









� = 0 (2.15) 
Combining Eqs. (2.12) and (2.13), we establish the mechanical behavior of the hydrogel 
balloon as a relation between the pressure P and the equilibrium deformation state of the 
balloon (J and λθ). Given the thin-walled geometry of the balloon, we can further ignore 
the variation of J, λθ, and λr over the thickness. Therefore, the deformation is homogeneous 
throughout the balloon shell and can be completely set by two parameters J and λθ (here J, 





λθ corresponds to a further inflated state, i.e., a larger balloon; while J suggests the steady-
state water concentration inside the balloon shell, a higher value of J implies more water 
content is absorbed into the hydrogel network in the current equilibrium frame. When 
material properties and geometry parameters (Nv, χ, μ, and H/R) are specified, the 
equilibrium deformation state of the hydrogel balloon can be identified for any given inner 
pressure P by solving Eqs. (2.12) and (2.13). Representative values of the dimensionless 
crosslinking density of a hydrogel Nv may vary over 1×10−4~1×10−1, and the Flory-Rehner 
interaction parameter χ typically ranges 0~1.2 [23]. In the numerical examples below, we 
will take values, χ=0.2, H/R=0.01, and the chemical potential of the water reservoir μ=0, 






Figure 2.2 Long-term equilibrium deformation of a hydrogel balloon. (a) Three-dimensional curves 
representing the relation between applied pressure Pv/kT and the equilibrium deformations for 
hydrogel balloons with different Nv values (Nv=0.001, 0.003, 0.005, and 0.007). (b) J as a function 
of λθ; J and λθ are volume strain and hoop stretch with respect to the dehydrated state. Curves start 
from the free-swelling states (labeled by the squares) for each hydrogel balloon. (c) Normalized 
pressure Pv/kT as a function of λθ. (d) Volume ratio J as a function of applied pressure Pv/kT. In (c) 
and (d), the maximum pressure permitting the existence of equilibrium deformation and bounded 
swelling is marked by the dashed lines. The black arrow indicates an equilibrium final deformation 
when 𝑃𝑃 < 𝑃𝑃crswell. 
For different values of Nv (0.001, 0.003, 0.005, and 0.007), Figure 2.2(a) plots the 
correlation among normalized pressure Pv/kT, volume strain J, and hoop stretch λθ as a 
family of three-dimensional curves, such that the equilibrium response of a hydrogel to 
applied pressure is readily spotted. Projecting these curves onto J-λθ plane, as shown in 
Figure 2.2(b), J is plotted as a function of λθ. Starting from the free-swelling state (marked 
by the squares, for example), along the inflation process the expansion of the gel balloon 
is accompanied with a monotonic increase of J, indicating a spontaneous migration of 
water into the balloon shell as the balloon expands in size. This fact can be ascribed to the 
equal-biaxial tensile stress state in the hydrogel balloon [84].  
Figure 2.2(c) shows the relation between the dimensionless internal pressure Pv/kT and the 
normalized balloon size r/R. For example, when Nv=0.001 the inflation procedure starts at 
its free-swelling state λ0 =3.21. The pressure Pv/kT required by an equilibrium state of the 
hydrogel balloon continues to increase until a maximum magnitude of 3.04×10−6 is reached 
as the balloon expands to r/R=5.00. Thereafter, the pressure drops for further inflation, 
indicating the existence of a critical pressure Pcr (dashed line) above which no equilibrium 





above Pcr would lead to a continual and infinite growth in the balloon size, resulting in a 
burst (i.e. fails by rupture) of the hydrogel balloon.  
Moreover, the swelling also becomes infinite if the critical pressure is exceeded because of 
the simultaneous increasing of the swelling ratio and hoop stretch. It is concluded from 
Figure 2.2(d) that when a pressure P less than Pcr is applied, the hydrogel swells and the 
volume ratio J evolves to a corresponding equilibrium state which can be recognized on 
the lower half of the curve in Figure 2.2(d), as illustrated by the arrow. For P<Pcr, the 
higher the applied pressure, the more the hydrogel swells in its final equilibrium state. In 
contrast, beyond Pcr, the water absorption becomes unbounded due to the lack of 
equilibrium state.  Water molecules will continuously migrate into the hydrogel. Therefore, 
the critical pressure Pcr for equilibrium deformation can be physically interpreted as a 
threshold for unbounded swelling 𝑃𝑃crswell . Such an unbounded swelling will invoke 
anomalous inflation behavior of the hydrogel balloon, as to be discussed in the following 
sections. 
2.2.2 The instantaneous response of a hydrogel balloon to fast inflation 
As aforementioned, the pressurization time scale governs the mechanical responses of a 
hydrogel balloon. When an internal pressure is applied suddenly (tp≪teq), the instantaneous 
response of the balloon is characterized by a volume-conserving deformation, similar to 
that of elastomeric materials. In an effort to determine the instantaneous inflation behavior 
subject to fast inflation, we first consider a homogeneously swollen hydrogel balloon with 





of the gel balloon as state S(?̂?𝑣), referring to its homogeneous water distribution. In state 
S(?̂?𝑣), the corresponding isotropic swelling ratio can be calculated by 
 ?̂?𝜆 = �1 + 𝑣𝑣?̂?𝑣�
1
3  (2.16) 
Next, we think of a scenario where the boundaries of the balloon become impermeable so 
that solvent exchange between hydrogel balloon and the reservoir is prohibited. We take 
the hydrogel shell containing polymer chains and water content as the control volume. 
Under such an impermeable boundary condition, the balloon shell is therefore turned into 
a closed system with a constant water concentration remaining at ?̂?𝑣 . Any subsequent 
deformation of the hydrogel is thus incompressible and the volume ratio 𝐽𝐽 remains fixed. 
The incompressibility constraint can be written as  
 𝐽𝐽 = 𝐽𝐽 = 1 + 𝑣𝑣?̂?𝑣 = ?̂?𝜆3 = const  (2.17) 
Given the fixed volume ratio, the Helmholtz free energy density defined in Eq. (2.3) 
becomes W(λ1, λ2, λ3)=1/2NkT(λ12+λ22+λ32−3)+const for instantaneous inflation responses. 
Note that λ1, λ2, and λ3 are defined on the dry state of the hydrogel balloon. To impose the 
incompressibility condition, let Π denote a Lagrange multiplier and add a term 𝛱𝛱(𝐽𝐽 − 𝐽𝐽) to 
the free energy density 
 ℒ(𝑊𝑊,𝛱𝛱) = 𝑊𝑊(𝜆𝜆1,𝜆𝜆2, 𝜆𝜆3) + 𝛱𝛱(𝐽𝐽 − 𝐽𝐽) (2.18) 






















+ 𝛱𝛱𝜆𝜆1𝜆𝜆2 (2.19-3) 
























+ 𝛱𝛱 (2.20-3) 
For the spherical gel balloon undergoes a spherically symmetric deformation, we have 
σ1=σ2=σθ, and σ3=σr, therefore,  










Insert Eq. (2.19) into the equation of force balance (Eq. (2.8)) and integrate from the 
pressurized inner surface to the stress-free outer surface, we arrive at an expression of the 
pressure in terms of the deformation of the balloon, i.e., the instantaneous mechanical 














where 𝐻𝐻∗ = ?̂?𝜆𝐻𝐻 and 𝑅𝑅∗ = ?̂?𝜆𝑅𝑅 are the thickness and radius of the hydrogel balloon in the 
initial isotropic swollen state S(?̂?𝑣 ) before inflation, 𝜆𝜆θ∗ = 𝜆𝜆θ/?̂?𝜆  is defined as the hoop 
stretch with regard to the reference state S(?̂?𝑣), Pvc denotes the applied pressure, and the 
superscript VC serves as a reminder of the volume-conserving deformation. Note that the 
pressure-deformation relation depicted by the equation above recovers the well-studied 
inflation behavior of a balloon made of incompressible Neo-Hookean rubber. Examining 
the form of Eq. (2.20), if water migration is not allowed, mechanically the hydrogel 
behaves as a diluted polymeric material. The equivalent initial shear modulus of such a 
diluted polymeric network is 𝑁𝑁𝑣𝑣/?̂?𝜆 (dimensionless). Compared to that of the dry state, the 
swollen network is softened by a factor of 1/?̂?𝜆. Additionally, at 𝜆𝜆θ∗ = 1.383 , the pressure 










This maximum pressure as well constitutes a critical value that the balloon can sustain in a 
volume-conserving inflation. For 𝑃𝑃 < 𝑃𝑃crvc, the inflation is steady and the applied pressure 
carries the balloon to a deformed state that is determined by Eq. (2.20). Whereas if 𝑃𝑃 ≥
𝑃𝑃crvc, the balloon grows unstably, leading to a rupture. Since such a failure is not associated 
with water migration, when the applied load satisfies the failure criterion, it occurs in an 
instantaneous fashion. Furthermore, Eq. (2.21) reveals that this critical pressure 𝑃𝑃crvc  is 
dependent on the isotropic swelling ratio  ?̂?𝜆 and thus the water concentration ?̂?𝑣: at a specific 
concentration, there exists a corresponding critical pressure 𝑃𝑃crvc(?̂?𝑣) beyond which burst 





criterion to predict whether an instant burst happens or not is whether the applied pressure 
exceeds 𝑃𝑃crvc(?̂?𝑣), which is defined by the water concentration ?̂?𝑣 at the current time instance. 
Particularly, when an inner pressure is suddenly applied to an initially free-swelling 
hydrogel balloon, the mechanical response of the hydrogel balloon starts with an 
instantaneous and volume-conserving deformed state. If the load is supercritical, namely, 
𝑃𝑃 ≥ 𝑃𝑃crvc(𝑣𝑣0) , the balloon fails instantaneously by burst. We refer to such a failure 
mechanism as the instant burst of a hydrogel balloon because it takes place immediately 
upon the pressurization. The instant burst threshold 𝑃𝑃crins  of a free-swelling hydrogel 
balloon is identical to 𝑃𝑃crvc(𝑣𝑣0). 
Lastly, for hydrogel balloons with different water concentrations, the critical pressure for 
instant burst is a decreasing function of the homogeneous swelling ratio. According to Eq. 
(2.21), the critical pressure is inversely proportional to ?̂?𝜆, hence the gel balloon becomes 
more susceptible to volume-conserving burst if it has more water taken up by the polymeric 
network. Compare two geometrically identical gel balloons A and B, if 𝑣𝑣A > 𝑣𝑣B , 
𝑃𝑃crvc(𝑣𝑣A) < 𝑃𝑃crvc(𝑣𝑣B). 
2.3 Delayed burst of a hydrogel balloon 
It is well known that the time-dependent mechanical behavior is one of the most 
fundamental characteristics of hydrogel materials. The time-dependency may either arise 
due to the intrinsic viscoelasticity of the constituent cross-linked polymer chains or stem 
from the poroelasticity that take accounts for the molecular interaction between the 





we assume the polymer network is ideally elastic and ascribe the time-dependency to the 
water transportation process through the hydrogel. As aforementioned, mechanical 
response of a hydrogel subjected to suddenly applied mechanical loads is characterized by 
an incompressible deformation, followed by a long-term time-dependent deformation 
towards equilibrium state due to water transportation. In this section, we will systematically 
study the evolution process of the hydrogel balloon deformation from the instant response 
state towards the long-term equilibrium state.  
2.3.1 Mechanism of the delayed burst procedure of a hydrogel balloon 
When a free-swelling gel balloon is subject to a fast pressurization, even though the water 
diffusion between the hydrogel and water reservoir is allowed, the immediate response is 
dominated by the incompressible inflation: if 𝑃𝑃 ≥ 𝑃𝑃crins = 𝑃𝑃crvc(𝑣𝑣0), instant burst occurs, 
whereas if 𝑃𝑃 < 𝑃𝑃crins = 𝑃𝑃crvc(𝑣𝑣0), the instantaneous deformation is given by Eq. (2.20) with 







[(𝜆𝜆θ′ )−1  − (𝜆𝜆θ′ )−7] (2.24) 
where λ0 is the free-swelling stretch ratio sketched in Figure 2.1(b) and thus 𝜆𝜆θ′ = 𝜆𝜆θ/𝜆𝜆0 
denotes the hoop stretch relative to the free-swelling state. 
However, because of the migration of water molecules, the gel balloon does not stay in this 
instantaneous deformed state but keeps evolving to equilibrate with the solvent and 
mechanical loads. Driven by the biaxial stretch state in the hoop directions, the surrounding 





of the hydrogel is effectively reduced as the hydrogel balloon swells, which in turn leads 
to a further expansion under a constant interior pressure. According to Section 2, depending 
on the applied pressure, subsequent to the instant deformation, the balloon will either arrive 
at an equilibrium final state through a gradual procedure of simultaneous swelling and 
expansion, or, in another case, experience an unbounded water intake. For example, if 
pressure Pv/kT=2.90×10−6 is suddenly pumped into the balloon (Nv=0.001, H/R=0.01), 
since the load is less than the critical pressure for unbounded swelling 𝑃𝑃crswell𝜈𝜈/𝑁𝑁𝑁𝑁 =
3.04 × 10−6(see Figure 2.2(c) and (d)), eventually the hydrogel balloon will arrive at an 
equilibrium final state with λeq=4.39 and Jeq=51.06, which is determined by solving Eqs. 
(2.12) and (2.13). However, if the hydrogel is subjected to a supercritical pressure 
Pv/kT=3.34×10−6, the balloon will expand and imbibes water continuously in an 
unbounded fashion. 
The subsequent time-dependent evolution procedure in response to a fast pressurization is 
explained by Figure 2.3. The green curve in Figure 2.3(a) plots the incompressible response 
of the balloon at water content C0 corresponding to the free-swelling state λ0=R0/R=3.21. 
When a subcritical pressure of Pv/kT=2.90×10−6 is applied, following the green curve, the 
balloon expands immediately from the initial free-swelling state (denoted by point 1 in 
Figure 2.3(a)) λ0 =3.21 at J0=λ03=33.23 to the instantaneous deformed state λθ=r/R=3.64 at 
the same volume ratio J=J0 (point 2). During the expansion, the radius grows to 1.13 times 
of its initial size.  Soon afterwards, a small amount of water diffuses into the gel balloon 
shell, causing the water content to increase to C0+∆C and the volume ratio to J0+∆J. In 





deformed state, which can be determined by Eq. (2.20) at the water concentration of 
C0+∆C. For instance, when water continues to migrate into the gel so that J=40, the 
deformation of the balloon can be found at the intersection (denoted by point 3) of the 
volume-conserving response curve with J=40 and the horizontal line Pv/kT=2.90×10−6. Via 
a sequence of these intervening states, the hydrogel balloon evolves towards its equilibrium 
final state. Under a constant applied pressure, the state of the hydrogel balloon progresses 
consecutively across a family of incompressible P-λθ curves with ascending J, from the 
starting volume ratio J=J0 and terminates at the final equilibrium volume ratio Jeq=51.06 
(point 4).  
 
Figure 2.3 Mechanism of the delayed burst of a hydrogel balloon. (a) Evolution of the intermediate 
states during inflation when a subcritical pressure of Pv/kT=2.90×10−6 is applied to the balloon. 
Compared to case (b) when the balloon is subject to a supercritical pressure of Pv/kT=3.34×10−6, 
delayed burst occurs as a consequence of the unbounded swelling. ②③④  in (a) represents 






To illustrate that the volume-varying evolution of the gel balloon indeed passes through 
these intermediate states determined by the family of volume-conversing curves, let us 
consider an unloading process: at the moment J=40, the boundaries of the gel balloon 
abruptly loses its permeability, then we drop the pressure. Fully unloaded, the balloon rests 
at a uniformly swollen state λθ=λr=401/3 marked by point 5. Lastly, we bring the pressure 
back to the previous value, the reloading process follows the double arrow from point 5 to 
point 3 on the incompressible response curve. Therefore, point 5 and 3 is connected by a 
constant-volume process with J=40, in other words, the intermediate state denoted by point 
3 can be identified as the intersection of the incompressible response curve and the applied 
pressure.  
In contrast, if the applied inner pressure is above the critical threshold 𝑃𝑃crswell𝜈𝜈/𝑁𝑁𝑁𝑁 =
3.04 × 10−6, the gel balloon will expand unstably, rather than come to a standstill at a final 
equilibrium state. Whereas the balloon expands and the hydrogel shell imbibes more water 
content, the critical pressure for instant burst monotonically decreases as a result of the 
reduced shear modulus of the diluted polymeric network (Eq. (2.21)); and the critical 
pressure for instant burst eventually falls below the applied pressure. As Figure 2.3(b) 
shows, under an applied pressure of 3.34×10−6, starting from the initial volume ratio 
J=J0=33.23, the hydrogel continuously swells to J=51.06 over time, and the corresponding 
critical pressure for burst decreases from 𝑃𝑃crins𝜈𝜈/𝑁𝑁𝑁𝑁 = 𝑃𝑃crvc(𝐽𝐽 = 𝐽𝐽0)𝜈𝜈/𝑁𝑁𝑁𝑁 = 3.86 × 10−6 to 
the value of the applied pressure, i.e. 3.34×10−6. As a result, the applied pressure of 
3.34×10−6 triggers the instant burst of the hydrogel balloon when the volume ratio has 





immediately upon the pressurization of a free-swelling hydrogel balloon, such burst 
phenomenon does not take place until a span of time has elapsed after the Pv/kT=3.34×10−6 
is applied. The delayed time period is attributed to the time-dependent swelling procedure 
during which the volume ratio J continuously increases from 33.23 to 51.06 and the critical 
pressure for instant burst 𝑃𝑃crvc(𝑣𝑣) reduces to the level of the applied pressure 𝑃𝑃crvc(𝑣𝑣) = 𝑃𝑃. 
The delayed burst of a hydrogel balloon is so named because the onset of it is postponed. 
Nevertheless, the occurrence of burst itself is instantaneous, as long as the water 
concentration in the hydrogel shell registers a critical level C such that 𝑃𝑃crvc(𝑣𝑣) = 𝑃𝑃. As 
analyzed above, unbounded swelling and the decreasing critical pressure 𝑃𝑃crvc(𝑣𝑣) conspire 
to cause the delayed burst phenomenon. By analogy with the notion of damage mechanics, 
at a constant pressure load, the capability of the balloon to resist burst failure decays over 
time as the hydrogel swells, indicating some form of “degradation” is accumulated by 
virtue of unlimited water migration.  
As the delayed burst is a direct consequence of the unbounded swelling, the critical 
pressure for unbounded swelling 𝑃𝑃crswell𝜈𝜈/𝑁𝑁𝑁𝑁 = 3.04 × 10−6 also defines a critical 
threshold for delayed burst: when a normalized applied pressure 𝑃𝑃 < 𝑃𝑃crswell, the hydrogel 
balloon will takes in water and eventually equilibrates with the pressure load and the 
solvent environment, no burst occurs; whereas if a normalized applied pressure𝑃𝑃crswell ≤
𝑃𝑃 < 𝑃𝑃crins is applied, delayed burst will occur. 
The intrinsic time scale of the delayed burst can be estimated by the solvent diffusion 





diffusivity of water molecules, D≈1×10−9m2s−1 [68], [83]. For a hydrogel balloon with an 
initial thickness H0=1mm, the time required by the water molecule to migrate into the 
balloon shell is on the order of 1000s, which dictates the characteristic time for the delayed 
burst. Here, we analyze the delayed burst of a hydrogel balloon by investigating the 
evolution of the intermediate states from the instant mechanical response of the balloon 
towards its long-term equilibrium state. A full account of the time-dependent process 
resorting to directly solving solvent transportation kinetics is beyond the scope of the 





2.3.2 Energy evolution associated with the delayed burst  
 
Figure 2.4 Free energy surface and contour at an applied pressure (a) Pv/kT=2.90×10−6 and (b) 
Pv/kT=3.34×10−6. The solid white trajectory tracks the minimum energy state of the system as the 
balloon swells. The white dashed line indicates the delayed burst. 
The distinction between equilibrium inflation and delayed burst is also reflected on the free 
energy landscape. The total free energy of the system is composed of the strain energy of 
the hydrogel balloon and the potential energy due to the applied pressure. Therefore, the 
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Figure 4 plots the system free energy in J-λθ space at (a) a subcritical pressure for delayed 
burst Pv/kT= 2.90×10−6 and (b) a supercritical pressure 3.34×10−6, respectively. When 
Pv/kT=2.90×10−6 (𝑃𝑃 < 𝑃𝑃crswell), as shown in Figure 2.4(a), on the free energy surface there 
exists a local minimum representing the final equilibrium deformation. In the energy 
contour plot (Figure 2.4(a) right panel), the starting point of the white curve denotes the 
instantaneous deformation state (point 2 in Figure 2.3(a)), while the terminal point 
represents the final equilibrium deformation state (point 4 in Figure 2.3(a)). In between, 
the path connecting the instantaneous response and the final deformation represents the 
intervening states of the hydrogel balloon. Starting from the instantaneous inflated state, 
the hydrogel balloon keeps absorbing water with volume ratio J increasing. Since only the 
water migration requires time whereas the radial expansion of the balloon occurs promptly, 
at any increased value of J, the corresponding hoop stretch λθ=r/R should vary to minimize 
the free energy. The intervening states are thus identified by minimizing the free energy at 
a given J. Consequently, in the J-λθ space, the inflated hydrogel balloon leaves a white path 
tracing the evolution of its intermediate states. Driven by the minimization of the total free 
energy of the system, i.e. a hydrogel balloon under pressure Pv/kT= 2.90×10−6 and 
immersed in water, the balloon continues to swell and expand along the white path until 
the energy comes to a minimum, and the deformation stops at the final equilibrium state 





As shown in Figure 2.4(b), the free energy landscape at a supercritical pressure of 
Pv/kT=3.34×10−6 (𝑃𝑃 > 𝑃𝑃crswell) exhibits a lack of local minimum. The first stage of the 
energy minimization starts from the instantaneous response state at J=J0=33.23 
(corresponding to the green dot in Figure 2.3(b)) to the onset of the delayed burst (end of 
the white solid line, J=51.06, corresponding to the red dot in Figure 2.3(b)), during this 
process the hydrogel balloon slowly absorbs water and grows in size over time. At the 
turning point where J=51.06, the energy minimum no longer presents, there are actually 
multiple paths to further minimize the energy. However, the dashed line represents the only 
way which is not associated with water migration, in other words，it constitutes the fastest 
path to perform energy minimization that requires no time. Therefore, at J=51.06 the 
system seeks to minimize the energy by a pure size expansion (burst), as the dashed line 
indicates. 
2.3.3 Phase diagram of the inflation of a hydrogel balloon 
Furthermore, we can prove that, for an initially free-swelling hydrogel balloon shown in 
Figure 2.1(b), the critical pressure for instant burst 𝑃𝑃crins is always greater than that for 
delayed burst 𝑃𝑃crswell, i.e. 𝑃𝑃crins > 𝑃𝑃crswell (see Appendix A). For instance, in the previous 
numerical example, 𝑃𝑃crins𝜈𝜈/𝑁𝑁𝑁𝑁 = 3.86 × 10−6 is greater than 𝑃𝑃crswell𝜈𝜈/𝑁𝑁𝑁𝑁 = 3.04 × 10−6, 
as shown in Figure 2.3(a) and (b).  Hence, any applied pressure P may fall into one of three 
intervals, which are associated with three distinct response. If 𝑃𝑃 ≥ 𝑃𝑃crins, the gel balloon 
bursts immediately upon the load; when 𝑃𝑃 < 𝑃𝑃crswell , the balloon first deforms to an 
instantaneous state then swells and expands further to attain an equilibrium state; if 





for a span of time and then burst suddenly. Figure 2.5 delineates a map for these three 
situations in the parameter space of P-Nv. These two pressure limits 𝑃𝑃crins and 𝑃𝑃crswell define 
the boundary of a new region corresponding to delayed burst failure mode. Owing to its 
latent nature, such delayed failure mode is more detrimental to the application of thin-
walled hydrogel structures.  
 
Figure 2.5 Failure mode map of the inflation of a hydrogel balloon delineating three regions in the 
parameter space of P-Nv: instant burst, delayed burst, and equilibrium inflation. 
Recall that the material property Nv represents the crosslinking density and the initial 
stiffness of the polymer network. Both critical pressures for instant burst 𝑃𝑃crins𝜈𝜈/𝑁𝑁𝑁𝑁 and for 
delayed burst 𝑃𝑃crswell𝜈𝜈/𝑁𝑁𝑁𝑁  scale up with stiffness Nv. Moreover, as Nv increases, the 
pressure window associated with the delayed burst becomes larger, because of the 





2.4 Delayed burst of a thick hydrogel balloon 
In other cases [82], [87]–[90], the thickness of the hollow hydrogel structure may not be 
essentially small compared to other dimensions, for example, the inner radius of the hollow 
space. Especially, if the thickness is much larger than the inner radius, the hollow space 
becomes a cavity defect in a hydrogel. Under pressurization, these structures and defects 
may be as well susceptible to instant burst and delayed burst. In this section, we investigate 
the effect of the balloon thickness on the critical pressure for delayed burst.  
When the balloon has a finite thickness, the variation of the quantities in the radial direction 
needs to be accounted for. The stretches λθ and λr, water concentration C, volume ratio J, 
radial stress σr, and hoop stress σθ all vary along the thickness direction. For a special case 
where the material is incompressible, this boundary value problem represented by Eq. 





















where A and B are the inner and outer radii of the hydrogel balloon in the free swelling 
state (as labeled in Figure 2.6(a)), respectively, and a is the inner radius in the deformed 
state. Before deformation, the thickness of the balloon is H=B−A. As previously discussed, 
if the time scale of interest is much smaller than the characteristic time of the water 
diffusion, the hydrogel behaves as an incompressible hyperelastic material. Thus, Eq. 





Whereas for hyperelastic materials exhibiting compressible behavior, as the quasi-
equilibrium deformation during slow pressurization of a hydrogel balloon, the volume-
conserving assumption is invalid. Analytical solutions of Eq. (2.10) are restricted to 
materials whose constitutive laws take special forms [91]–[95] or limited to asymptotic 
approximations [96]. In general, solving the boundary value problem described by Eq. 
(2.10) necessitates numerical approaches such as finite difference scheme (for example, 
shooting method) or alternatively finite element method (FEM) [97], [98]. Here, we 
examine the slow pressurization procedure by using commercial FEM package ABAQUS. 
Because the governing equation of the problem Eq. (2.10) possesses spherical symmetry, 
it is adequate to merely consider a differential volume that is cut out from the hollow sphere 
by planes ϴ=θ, ϴ=θ+δθ, Ф=φ, Ф=φ+δφ, ρ=A, and ρ=B, as Figure 2.6(a) shows. Note that 
ABAQUS does not directly supply one-dimensional spherically symmetric element. 
However, this boundary value problem can be alternatively modeled by using two-
dimensional axisymmetric quadrilateral elements under special treatments that ensure 
spherically symmetric behavior. Since the integration in one of the hoop directions Ф is 
already taken care of by the formation of axisymmetric elements, once we apply suitable 
boundary conditions to ensure the symmetry in another hoop direction ϴ, the spherical 
symmetry is guaranteed. Therefore, by suppressing the hoop direction freedom, nodes are 
only free to displace in the radial direction. Furthermore, the radial displacement of nodes 
on the top side is constrained to be the same as the corresponding nodes on the bottom side, 
namely  𝑢𝑢top
(𝑖𝑖) = 𝑢𝑢bottom
(𝑖𝑖) , where (i) labels the node number. Now the ϴ direction is 
discretized by taking advantage of symmetry. Under such a treatment, the two-dimensional 





the following analysis, we use δθ=0.5°~1°. Mesh convergence analysis is also performed 
in order to ensure the accuracy of the calculation when A is comparatively miniature to H. 
In the next step, equilibrium pressure P is recorded as a function of the prescribed 
displacement of the inner surface a.  
 
Figure 2.6 Finite element analysis for the internal inflation of a thick hydrogel balloon. (a) 
Geometry of a balloon with finite thickness H = B−A. A and B are undeformed inner and outer radii, 
respectively. Schematic of the (b) two-dimensional equivalent FEM representative of the (c) actual 
one-dimensional model. (d) Normalized pressure Pv/kT as a function of normalized inner surface 
deformation a/A for instant (volume-conserving) and slow (equilibrium) inflation of a thick balloon. 
(Hydrogel property Nv=0.001, and balloon geometry A/H=4.5/1). 
Figure 6(d) compares the final equilibrium deformation to the instant (volume-conserving) 
response of a thick hydrogel balloon with ratio A/H=4.5/1. The equilibrium inflation 
response is obtained from FEM, and the instant inflation response is plotted from Eq. 
(2.24). Similarly to a thin balloon, the inflation of a thick balloon is also divided into three 
regions. An applied pressure greater than the peak value of the fast inflation (𝑃𝑃crins) causes 





(𝑃𝑃crswell) results in an equilibrium deformation. The peak pressure for fast inflation is higher 
than that of the slow inflation, carving out a pressure interval for delayed burst to occur.  
The predominance of the delayed burst phenomenon can be represented by the difference 
between the two pressure limits 𝑃𝑃crins  and 𝑃𝑃crswell . Figure 2.7 shows the percentage 
difference (𝑃𝑃crins − 𝑃𝑃crswell)/𝑃𝑃crins × 100% for hydrogel balloons with a series of thicknesses 
from A/H=100 to A/H=0.01. As the thickness increases, the pressure difference is reduced 
from a highest value of 22% to a minimum value of 2%. The delayed burst phenomenon is 
more difficult to observe when the wall thickness increases. As A/H approaches 0, the 
critical pressures for instant burst and unbounded swelling tend to merge, and the delayed 
burst region diminishes on the failure map, indicating that the delayed cavitation becomes 
less pronounced for an infinitesimal cavity inside the hydrogel body. Ultimately, it might 
be expected that the importance of delayed burst diminishes as the dimension of inner 
surface diminishes, and while this is the case, instantaneous failure may become the only 
prevailing mode of cavitation in hydrogels. The corresponding critical pressure is 2.5Nv, 
below which the long-term equilibrium state exists, as predicted by taking the limit of Eq. 






Figure 2.7 Percentage difference between the critical pressures for instant inflation and unbounded 
swelling (𝑃𝑃crins − 𝑃𝑃crswell)/𝑃𝑃crins × 100%, for hydrogel balloons with various thicknesses. 
 
Figure 2.8 Distribution of (a) stress component ratio |𝜎𝜎r/𝜎𝜎θ| and (b) relative volume ratio J/J0 at 
critical pressure 𝑃𝑃crswell  on equilibrium inflation curve for hydrogel balloons with various 
thicknesses. 
In contrast to thin balloons, under inner pressurization, the stress state in a thick balloon 





and the hoop stress |𝜎𝜎r/𝜎𝜎θ| at critical pressure 𝑃𝑃crswell. As the thickness increases, the radial 
stress is not negligible anymore when compared with the hoop stress. For a small 
pressurized cavity inside the hydrogel, between the inner surface and the outer surface, the 
compressive stress in the radial direction may exceed the tensile stress in the hoop 
direction. The dissimilarity in the stress states results in distinct distributions of water 
content and relative volume ratio J/J0. As Figure 2.8(b) shows, the water absorption 
declines as the balloon becomes thicker. In the neighborhood of the inner surface of a small 
pressurized cavity, the hydrogel even loses water content to the environment. The loss of 
solvent effectively stiffens the hydrogel, elevates the critical pressure for slow inflation, 
and consequently, narrows the pressure range for delayed burst or cavitation in a thick 
hydrogel balloon.  
2.5 Appendix of Chapter 2  
First, we show that any equilibrium state determined by Eq. (2.12) is as well located on the 
incompressible response curve. For an arbitrary equilibrium state of the balloon, let us 
denote the volume ratio as 
                                  𝐽𝐽 = 𝐽𝐽 = ?̂?𝜆3 (A.27) 






















which recovers Eq. (2.20), namely the instantaneous response of a gel balloon at a uniform 





through a volume-conserving process at the corresponding volume ratio J. Among all these 
equilibrium states, the critical pressure for unbounded swelling Pcr corresponds to one, 
(which is actually the equilibrium state at the highest water content or the highest volume 
ratio). 
As J increases from J0 to Jeq, the critical pressure for instant burst at the initial free swelling 
state 𝑃𝑃crinc is actually the highest pressure on all the instant response curves at different 
values of J. Therefore, the limit pressure for instant burst 𝑃𝑃crinc is always greater than that 
for the unbounded swelling, i.e. 𝑃𝑃crinc > 𝑃𝑃cr. 
2.6 Summary of Chapter 2  
From the aspect of water migration, this paper investigates the delayed burst phenomenon 
as a new failure mechanism during the inflation of a hydrogel balloon. In contrast to 
instantaneous burst, the mechanism of the delayed burst is attributed to an unbounded 
swelling process subsequent to the instant deformation upon the load. As the hydrogel 
swells, the instantaneous burst critical pressure of the inflated balloon reduces gradually to 
the applied inner pressure, triggering the burst. This new failure mode is termed as the 
delayed burst to signify the fact that the onset of the burst is delayed by a time period for 
water molecules to migrate into the hydrogel balloon shell. The process of delayed burst is 
understood by tracking the evolving mechanical response of swelled hydrogel balloon and 
as well by minimizing the free energy profile of hydrogel balloon subjected to subcritical 





Moreover, we identify the critical pressure for instantaneous burst and delayed burst, along 
with the three inflation modes of an initially free-swelling hydrogel balloon: If 𝑃𝑃 ≥ 𝑃𝑃crins, 
the gel balloon bursts immediately in response to the applied inner pressure; when 
𝑃𝑃crswell ≤ 𝑃𝑃 < 𝑃𝑃crins, delayed burst occurs, namely，the hydrogel balloon expands gradually 
for a span of time and then burst suddenly; if 𝑃𝑃 < 𝑃𝑃crswell, the balloon first deforms to an 
instantaneous state upon the load, followed by attaining an equilibrium state via bounded 
swelling and expansion. We further delineate a map of the three different inflation modes 
of a thin-walled hydrogel balloon in the parameter space of P and Nv: equilibrium inflation 
(𝑃𝑃 < 𝑃𝑃crswell), delayed burst (𝑃𝑃crswell ≤ 𝑃𝑃 < 𝑃𝑃crins) and instantaneous burst (𝑃𝑃 ≥ 𝑃𝑃crins). The 
delayed burst is counterintuitive and is even more detrimental than the instantaneous burst 
because of its latent nature.  
Lastly, we extend our discussion to examine the delayed burst in thick hydrogel balloons 
by using finite element method. We find that the delayed burst phenomenon becomes less 
pronounced for a thick balloon as the pressure window evoking such a failure mode 
narrows down. Particularly, the delayed cavitation is predicted to become nearly irrelevant 
for a small vacancy defect enclosed in the hydrogel material. We limit our scope within the 
geometry of spherical balloons, however, it is believed that this research may also shed 
light on the delayed failure of other thin-walled hydrogel structures that find extensive 






Chapter 3: Dielectric-Elastomer-Based Capacitive Force Sensing 
with Tunable and Enhanced Sensitivity2 
Designing capacitive force sensors with enhanced and in situ tunable sensitivity is 
important in many fields such as robotic grippers but has been proved to be challenging. 
Existing capacitive force sensors mainly rely on ingenious but complex structural designs, 
imposing tremendous difficulty in fabrication and usually featuring a fixed sensitivity. In 
this chapter, we present a facile design of capacitive tactile force sensor endowed with 
tunable and enhanced resolution by utilizing the electro-mechanically responsive dielectric 
elastomer as the sensing medium. Dielectric elastomer exhibits tunable mechanical 
properties when subject to voltage and pre-stretch: increasing voltage and pre-stretch level 
leads to a more compliant response to the external pressure. Effectively, the sensitivity of 
the DE sensor can be continuously increased up to over one order of magnitude by properly 
exerting voltage and pre-stretch to the DE tactile sensor. 
3.1 Introduction 
In the daily delivery of multifunctional tasks such as touching, griping, pushing, and 
pulling, human hands count on the tactile feedback from the nerve endings, which are 
densely populated on palm skin[99], [100]. These nerve endings, working collaboratively 
to form a sensory network, feature a capability of detecting tactile forces across a range of 
several orders of magnitude with correspondingly appropriate sensitivities[101], [102]. 
                                                 
 
2 The main findings in this chapter have been published as J. Cheng, Z. Jia, T. Li, Dielectric-elastomer-based 





Recent research has suggested that human hands are sufficiently sensitive to perceive the 
haptic interaction with a nanoscale-featured surface[103], whereas in the other extreme 
scenarios it also sustains force of a few hundred pounds when lifting a barbell set. As an 
artificial analog of human skin, smart skin is a micro-electro-mechanical system (MEMS) 
that senses the force of different magnitudes and accurately tracks the force variation. 
Although the large-range or multi-resolution feature may be fulfilled through ingenious 
structural designs[104]–[107], on the systems level, the complication in MEMS fabrication 
imposes tremendous difficulty in employing such an approach, leading to a restriction of 
the tactile sensor development. An alternative approach that circumvents the complex 
fabrication processes would be leveraging smart materials that exhibit tunable mechanical 
behaviors. In this letter, we present a design of dielectric elastomer (DE) normal force 
sensor with enhanced and tunable sensitivity, facilitated by modulating the mechanical 
property of DE by electro-mechanical stimuli in an on-site manner.  
A dielectric elastomer is a soft matter that can deform dramatically in response to both 
mechanical and electrical stimuli. DE is classified as electroactive polymer as it operates 
by converting changes of voltage to mechanical deformation. When subject to voltage, a 
piece of DE sandwiched between two thin conductive coating layers (as shown 
schematically in Figure 3.1a contracts in the direction of the applied voltage and expands 
its normal area. Because of its electroactive behavior and large deformability, DE has been 
studied extensively as soft actuators with a myriad of applications in artificial muscles, soft 
machines, and soft robotics[100], [108]–[114]. On the other hand, a sandwich architecture 





capacitor, of which the capacitance is directly tuned by the deformation of DE. This fact 
has inspired researchers to integrate the capacitance measurement functionality into the 
drive circuit of DEA to bestow deformation feedback to the actuator itself, enabling 
simultaneous mechanical actuation and strain sensing[100], [115]–[119]. Thus more 
advanced controllability can be achieved through accurate real-time displacement 
inquiry[118], [119]. Significant progresses aside, how to enhance and tune the sensitivity 
of DE sensors has been less studied. 
A remarkable but often neglected aspect of DE is that the effective mechanical property 
also changes upon the application of electrical field. That is, the application of voltage 
induces opposite charges on the top and bottom surfaces of the DE piece, furthermore 
generates a resultant electrostatic pressure, and effectively squeezes the piece in the normal 
direction. This electrostatic pressure serves as an auxiliary force and works synergistically 
with the mechanical load acting on the structure. In the existence of such an electrostatic 
auxiliary pressure, to deform the DE piece to the same extent, a lower mechanical pressure 
is needed than in the absence of the applied voltage, or a larger strain can be achieved with 
the same level of mechanical pressure. Equivalently, the DE piece becomes more 
compliant; moreover, the extra deformability depends on the voltage difference placed on 
the top and bottom electrodes. Therefore, by changing the voltage difference, the 
mechanical response of DE can be altered in a controllable manner. The modulation of the 
effective stiffness of the sensing medium is essential for manipulating the sensor 





a promising route towards advanced tactile force sensing with tunable and enhanced 
sensitivity.  
3.2 Deformation of a DE force sensor under pressure and voltage 
3.2.1 Deformation of a DE force sensor unit under mechanical and electrical load 
 
 
Figure 3.1 (a) Schematic of a dielectric elastomer (DE) sensor unit cell in its pristine state, 
dimensions of the DE (the blue part) are given by L1, L2, and L3; and (b) when deformed in response 
to the applied voltage V and pressure P1, the dimensions become l1, l2, and l3. The yellow parts 
represent elastomeric conductive electrodes coated on the two sides of DE. 
A piece of DE layer deforms when subject to a pressure load P1 and a voltage V, and the 
dimensions in the original state L1, L2, and L3 become l1, l2, and l3 respectively. The 
deformation behavior of DE essentially resembles a hyperelastic material whose 
mechanical response can be derived from a free energy density function, except for that 
DE is responsive to both mechanical and electrical loads. It is stipulated that the free energy 
is composed of electrical and mechanical terms. In the deformed state, a generic form of 
the DE free energy density function is w(Λ1, Λ1, Λ3, D) with Λ1= l1/L1, Λ2=l2/L2, Λ3=l3/L3 
denoting the stretch ratios and D representing the electric displacement. In accordance with 





defined in the reference state as 𝑊𝑊�𝛬𝛬1,𝛬𝛬2,𝛬𝛬3,𝐷𝐷��, where 𝐷𝐷� is the corresponding nominal 
electric displacement. As abovementioned, the energy stored in DE stems from two origins: 
the mechanical work done by the pressure on the deformation and the electrical work done 
by the power supply through the charge redistribution. Therefore, the variation of free 
energy density is 
 𝛿𝛿𝑊𝑊�𝛬𝛬1,𝛬𝛬2,𝛬𝛬3,𝐷𝐷�� = 𝑆𝑆1𝛿𝛿𝛬𝛬1 + 𝑆𝑆2𝛿𝛿𝛬𝛬2 + 𝑆𝑆3𝛿𝛿𝛬𝛬3 + 𝐸𝐸�𝛿𝛿𝐷𝐷� (3.1) 
where Si = ∂W/∂Λi (i=1,2, and 3) is the nominal stress, and 𝐸𝐸�  = ∂W/∂𝐷𝐷� is the nominal 
electric field which is defined in the undeformed state. Note that the nominal electric field 
can be related to the applied voltage V through V=𝐸𝐸�L1. When the DE piece is connected to 
a constant voltage supply through a closed circuit, V and 𝐸𝐸�  both remain constant. We can 
simply write the free energy of a DE as a sum 
 𝑊𝑊�𝛬𝛬1,𝛬𝛬2,𝛬𝛬3,𝐷𝐷�� = 𝑊𝑊s(𝛬𝛬1,𝛬𝛬2,𝛬𝛬3) + 𝑊𝑊E�𝛬𝛬1,𝛬𝛬2,𝛬𝛬3,𝐷𝐷�� (3.2) 
where the first term WS denotes the energy due to stretching the polymeric network in the 
absence of applied voltage, and the following term WE is the energy due to dielectric 
polarization.  
In attempt to construct a specific form of the free energy function W, we suppose that the 
polymeric network follows the constitutive model by Gent[120], which captures the 
network stiffening effect at elevated strain levels, 











where μ is the initial shear modulus, I1= Λ12 + Λ22 + Λ32 is the first invariant of right Cauchy-
Green deformation tensor, and Jm = Im – 3, Im is the limiting value of I1. The strain energy 
is infinite large when I1 reaches its limiting value Im, thus Jm is a quantity representing the 
maximum possible deformation. Note that μ and Jm are two material properties that can be 
determined experimentally[121], [122]. 
For the free energy arising from the dielectric polarization, to account for quasilinear and 
nonpolar dielectric behavior, we follow the quadratic approximation proposed by Zhao and 
Suo[28], [29]: 
 𝑊𝑊E = 𝛬𝛬1𝛬𝛬2−1𝛬𝛬3−1𝜀𝜀−1𝐷𝐷�2/2 (3.4) 
where ε=εrε0, εr is the relative permittivity of DE, and ε0=8.854×10-12 F/m is the permittivity 
of vacuum. The voltage is applied in the direction of L1, as illustrated in Figure 3.1b.   
When a dielectric elastomer deforms, the change in shape is usually much more 
pronounced than that in volume[28], [29], [108], [110], [123]. Consequently, it is 
reasonable to include the incompressibility constraint on the three stretches, i.e. Λ1Λ2Λ3=1. 
To implement this constraint, we add a term 𝛱𝛱(𝛬𝛬1𝛬𝛬2𝛬𝛬3 − 1) to the free energy function 
𝑊𝑊, where 𝛱𝛱 is a Lagrange multiplier. Therefore, considering Equation (3.1)~(3.4) and the 








































𝛬𝛬1𝛬𝛬2−1𝛬𝛬3−2𝐷𝐷�2 + 𝛱𝛱𝛬𝛬1𝛬𝛬2 
(3.5-3) 









 𝛬𝛬1𝛬𝛬2−1𝛬𝛬3−1 𝐷𝐷� (3.6) 
Equation (3.5) and (3.6) are the equations of state of DE. Note that the nominal electric 
field 𝐸𝐸�  is directly related to the voltage 𝑉𝑉 through 𝐸𝐸� = 𝑉𝑉/𝐿𝐿1. Substituting Equation (3.6) 





















𝛬𝛬1−1𝛬𝛬2𝜀𝜀𝐸𝐸�2 + 𝛱𝛱𝛬𝛬1𝛬𝛬2 
(3.7-3) 
When the DE sensor is compressed uniaxially in its thickness direction, it expands equal-
biaxially in the two in-plane directions, resulting in Λ2=Λ3. Substituting the 




















where Λ = Λ1 characterizes the deformation of the sensor. Since the deformation is 
homogeneous throughout the DE sensor unit, the nominal pressure applied to the DE sensor 
equals the corresponding nominal stress component, namely −P1=S1. Equation (3.8) relates 





intensity 𝐸𝐸� , to the output, i.e. its deformation Λ. Therefore, Equation (3.8) governs the 
electro-mechanical response of the DE sensor. 
3.2.2 Sensitivity of the DE capacitive force sensor 
The configuration of DE sandwiched between conforming thin film electrodes, as shown 
in Figure 3.1, spontaneously forms a deformable capacitor, of which the capacitance can 








where a=l2l3 denotes the deformed surface area, and A=L2L3 is the area in the reference 
state. When the DE sensor is compressed, the thickness reduces and the area expands, 
leading to a decreased Λ and an increased capacitance C.  
The total force exerting on the DE sensor can be calculated as  
 𝐹𝐹 = 𝑃𝑃1𝜀𝜀 (3.10) 
The sensitivity of a sensor is defined as the change in output signal per unit change in input. 











For simplicity, we further define some dimensionless groups:  𝑆𝑆𝑖𝑖 = 𝑆𝑆𝑖𝑖/𝜇𝜇 ,  𝑃𝑃𝑖𝑖 = 𝑃𝑃𝑖𝑖/𝜇𝜇 , 
𝐸𝐸�=𝐸𝐸�/�𝜇𝜇/𝜀𝜀, 𝑉𝑉 = 𝑉𝑉/(𝐿𝐿1�𝜇𝜇/𝜀𝜀), 𝑣𝑣 = 𝑣𝑣/(𝜀𝜀𝜀𝜀/𝐿𝐿1), and 𝑠𝑠 = 𝑠𝑠/(𝜀𝜀𝜀𝜀/𝜇𝜇𝐿𝐿1). In this work, we 





available acrylic DE: the initial shear modulus μ=250kPa, relative permittivity εr=6.0, 
Jm=125[28], [29], [123]–[125], the typical dimensions for a capacitive sensor unit are 
L1=20μm, L2=L3=1mm. With these parameters, the highest voltage applied to the sensor 
will be ~300V during the working of a DE force sensor, which is modest compared to the 
kV level voltage applied to DE actuators[126]. A summary of theses dimensionless groups 
can be found in the following table. 
Table 3-1 Summary of the dimensionless groups 
quantity dimensionless group value 
energy density 
W μ 250 J/m
3 
stress Si, pressure Pi μ 250 kPa 
force F μA 0.25N 
electric field intensity  
𝐸𝐸�  �𝜇𝜇/𝜀𝜀 6.68×10
7 V/m 
voltage V 𝐿𝐿1�𝜇𝜇/𝜀𝜀 1372.0 V 
capacitance C  εA/L1 2.656 pF 
sensitivity s εA/ μL1 1.0625×10-5 pF/Pa 
 
3.3 DE force sensor without pre-stretch 
In absence of the voltage, the sandwiched dielectric architecture reduces to a regular 
elastomer force sensor. For an as-fabricated sensor unit, neither the material property nor 
the resultant input-output dependence is to be altered. By contrast, the mechanical behavior 
of DE can be varied by changing the applied voltage. Equation (3.8) suggests a family of 























Figure 3.2 plots the dimensionless pressure 𝑃𝑃1 as a function of the deformation Λ at various 
𝐸𝐸�  levels. Note that Λ denotes the length ratio in the compression direction, therefore a 
smaller value of Λ reflects a larger deformation. For the same deformation, those DE 
sensors subject to a higher voltage experience a lower stress. The stress reduction can be 
interpreted as follows: in the procedure of compressing the sensor, the power supply is 
constantly providing energy by pumping charges onto the DE/electrode interfaces, the 
energy increase associated with dielectric polarization is 𝑊𝑊E =
1
2
𝛬𝛬−2𝜀𝜀𝐸𝐸�2; with the electric 
work serving as an auxiliary, to carry the sensor unit to the same deformation, the required 
work done by the applied stress is therefore lowered. For Λ=0.12 (denoting a deformation 
where the DE is compressed to 12% of its original thickness) and 𝐸𝐸�=0, the dimensionless 
nominal pressure 𝑃𝑃1 =77.84, whereas the dimensionless pressure reduces to 49.84 if 
𝐸𝐸�=0.22. By switching on the voltage, the effective mechanical stiffness of the DE layer 






Figure 3.2 Electro-mechanical response of the DE force sensor in absence of in-plane pre-stretch. 
The normalized applied pressure is plotted as a function of the stretch ratio with respect to (a) the 
original state and (b) the starting state. The normalized voltages 𝐸𝐸�=0, 0.16, 0.20, 0.21, and 0.22. 
Blue circles mark the initial compression due to voltage application. Variation of (c) output 
capacitance signal and (d) sensitivity with applied normal stress. 
It is worth noting that, before the pressure is applied to the sensor, the voltage itself has 
deformed the DE sensor to a starting state, which is labeled by the blue circles in Figure 
3.2 inset. During this process the electric potential energy is the sole driving force of the 
deformation, hence the DE sensor is actually working in the actuation mode. The 





by Equation (3.8) with the vanishing stress condition, namely 𝛬𝛬st = 𝛬𝛬�𝑆𝑆1 = 0, 𝑆𝑆2,3 =
0� 𝐸𝐸��. Subsequently, from these starting states the device starts to act as a sensor. Since the 
stresses are to be applied on top of these existing deformations, it is more convenient to 
recognize the starting states of DE sensors as the reference states to quantify the force 
loading exerted to the sensor. Then the nominal pressure defined in the new reference 
configuration is given by 𝑃𝑃1(st) = 𝑃𝑃1(𝛬𝛬2,3
(st))−2 = 𝑃𝑃1𝛬𝛬st , and the corresponding 
deformation can be calculated as  Λ/Λst. Figure 3.2b plots the 𝑃𝑃1(st)~𝛬𝛬/𝛬𝛬st relation. 











which is plotted as a function of applied pressure 𝑃𝑃1(st) in Figure 3.2c. At a given voltage, 
the capacitance increases monotonically with increasing 𝑃𝑃1(st) , suggesting that the 
capacitance change can be used to measure the applied pressure. For a fixed 𝑃𝑃1(st), a higher 
voltage yields a larger capacitance change, as a result of the effective softening of the DE. 
For example, when 𝑃𝑃1(st)=50, ∆𝑣𝑣=44.92 in the absence of voltage and 70.10 with 𝐸𝐸�  =0.22. 
The derivative of ∆𝑣𝑣 with respect to 𝑃𝑃1(st) yields the dimensionless sensitivity 𝑠𝑠. As shown 
in Figure 3.2d, a DE force sensor with a higher applied voltage possesses enhanced 
sensitivity; for example, the peak sensitivity varies approximately from 0.73 to 1.76 for 𝐸𝐸�  
in the range of 0~0.22. Moreover, with a modest applied voltage (e.g. from 𝐸𝐸�  =0.16 to 𝐸𝐸�  





indicating that the DE sensor is more sensitive in detecting pressure change at high pressure 
range.  
In this section, we investigate the effect of voltage on the sensitivity enhancement. It is 
demonstrated that a higher voltage leads to an increased sensitivity. However, an elevated 
voltage beyond a proper scope may lead to electro-mechanical failure of the sensor, which 
will be systematically discussed in next section.  
3.4 DE force sensor with pre-stretch 
It has been demonstrated that the sensitivity of a DE sensor can be enhanced by applying 
a voltage; however, the increase of sensor sensitivity due to the application of the voltage 
is still not pronounced, exemplified by the fact that the peak sensitivity only changes by a 
factor of 2.41 when the voltage ramps from 𝐸𝐸�  =0 to 𝐸𝐸�  =0.22. To overcome this deficiency, 
we further propose a strategy to remarkably enhance the sensitivity by pre-stretching the 
DE sensor prior to the voltage application.  
In addition, upon electrical actuation, the DE layer is susceptible to a snap-through phase 
separation known as electro-mechanical instability[29], [100], [109], [114]. Pre-stretching 
the DE piece is also proved to be an effective approach to achieving large deformation of 
dielectric elastomer actuator (DEA) and attenuate the electro-mechanical instability[109]. 
3.4.1 DE force sensor working range and electro-mechanical instability 
Before the application of voltage, a pre-stretched state of the DE sensor can be achieved 
by equal-biaxially stretching the DE piece in the in-plane directions, as depicted in Figure 









. The lateral stress to 







1 − 𝐽𝐽m−1�𝛬𝛬pre2 + 2𝛬𝛬pre−1 − 3�
 (3.14) 
 
For example, if 𝛬𝛬pre = 0.6, i.e., the thickness becomes 60% during pre-stretch, the 
required lateral stress is 𝑆𝑆2,3 = 1.02. The arrow pointing from a to b indicates this pre-
stretch process in Figure 3.3f.  
 
Figure 3.3 Left: Schematic of the states of a DE force sensor in sequence. And right: Sensing 
procedure from a to e represented in the Λ~E diagram. From (a) the pristine state, bi-lateral stresses 
bring the sensor to (b) the pre-strain state Λpre.  The sensor attains its (c) starting state Λst, after a 
voltage of 𝐸𝐸�  is imposed to the electrodes. Then it deforms further to (d) the working state upon the 
application of normal pressure. Within the working state, the sensor converts the pressure change 
into the change of capacitance. The DE sensor fails once it reaches (e) the dielectric breakdown 





(in blue) and the breakdown line (in orange). The critical voltage 𝐸𝐸�∗ is illustrated by the red dashed 
line. 
To avoid electrical breakdown, it is crucial to identify the maximum voltage that can be 
exerted to the DE sensor. During actuation process (state b to c), once the applied voltage 
𝐸𝐸�  increases beyond a threshold value 𝐸𝐸�∗(indicated by the red dashed line), for a given 𝐸𝐸�  
there exist more than one associated equilibrium states. As shown in Figure 3.4a, at the 
critical voltage 𝐸𝐸�∗ = 0.235  the two possible equilibriums are Λ=0.54 and Λ=0.06 
respectively, which marks a nine-time difference in thickness. When subject to a 
perturbation, the DE sensor may shift between these co-existing equilibrium states with an 
abrupt change in the deformation Λ. Such an abrupt change in thickness caused by snap-
through instability is generally hazardous for DE, since the collapsed state may fall 
underneath the breakdown line, as illustrated by the red arrow in Figure 3.4a. In these cases, 
electrical breakdown fails the DE sensor even prior to the application of any force. In order 






Figure 3.4 Instability and safety zone of the DE sensor. (a) At Λpre=0.6, the actuated starting states 
form an S-shaped curve on Λ~E diagram. Beyond the critical voltage 𝐸𝐸�∗, snap-through instability 
occurs and the DE sensor collapses from Λ=0.54 to 0.06 (shown by the red arrow), penetrating the 
breakdown line, and leading to electrical breakdown. (b) When Λpre=0.2, the actuation curve of the 
starting states is single-valued. The breakdown voltage is identified by the point where the actuation 
curve and breakdown line intersect.  The breakdown line varies with material properties and 





𝐸𝐸�∗~Λpre separates the instability zone from the safe zone. The arrows represent two ways of 
avoiding instability. 
The electro-mechanical instability is mitigated by tuning the pre-stretch level of the DE 
sensor. Comparing Figure 3.4a with Figure 3.4b, one may conclude that the actuation curve 
evolves from an S-shaped curve at a modest pre-stretch (Λpre=0.6) to a monotonously 
decreasing curve at an elevated pre-stretch (Λpre=0.2), consequently the electro-mechanical 
instability disappears. Although critical voltage 𝐸𝐸�∗ for electro-mechanical instability does 
not exist for sensors with Λpre≤0.20, the intersection of breakdown line and actuation curve 
identifies a breakdown voltage 𝐸𝐸�bk, i.e. the highest voltage that can be exerted on the DE 
sensor with Λpre≤0.20. Beyond 𝐸𝐸�bk, the sensor failures by electrical breakdown before it 
could reach the starting state. 
3.4.2 Deformation behavior and sensitivity performance of a DE force sensor with 
pre-stretch 
Given a combination of Λpre and 𝐸𝐸� , upon normal pressure, the continuous deformation of 
the DE sensor tracks a vertical line connecting the starting state on and the electrical 
breakdown limit. All the admissible working states of a DE sensor is highlighted by the 
green region in Figure 3.4a and Figure 3.4b. For pre-stretch Λpre=0.6, the actuation curve, 
breakdown curve, and voltage threshold 𝐸𝐸�∗ demarcate a trapezoid-like region representing 
the working states. In comparison, if Λpre=0.20, the working states of the sensor constitute 
a fan-liked region, as shown in Figure 3.4b. Moreover, since the breakdown line is 
determined by the original thickness and the material properties, i.e., 𝛬𝛬bk =
�𝜇𝜇/𝜀𝜀
𝐸𝐸bk





electrical breakdown line can be tilted by reducing the original thickness or selecting DE 
material with smaller �𝜇𝜇/𝜖𝜖. Changing these parameters may expand the working zone of 
the DE sensor as shown in Figure 3.4b. Figure 3.4c shows the critical voltage 𝐸𝐸�∗  as a 
function of pre-stretch 𝛬𝛬pre. The green-shaded area beneath the 𝐸𝐸�∗~𝛬𝛬pre curve is the safe 
zone, whereas the red-shaded area is the failure zone where electrical breakdown occurs 
due to snap-through instability. The arrows in Figure 3.4c indicate two ways of avoiding 






Figure 3.5 Force-deformation relation at Λpre=0.36 with different applied voltages𝐸𝐸�=0, 0.16, 0.20, 
0.21, and 0.22, using (a) the original state and (b) the starting state as the reference state. Blue 
circles mark the starting states. (c) Dimensionless capacitance output signal and (d) sensitivity at 
Λpre=0.36. 
 
Figure 3.6 Dimensionless sensitivity at various pre-stretch levels with a fixed voltage 𝐸𝐸�=0.19. The 
red circles at the end of each curve represent the final states, i.e., at which the sensor fails by 
electrical breakdown. 
We next study the load-deformation relation of DE sensor within the working zone. With 
a pre-stretch of Λpre=0.36, the 𝑃𝑃1~Λ characteristic curves are drawn in Figure 3.5a with a 
series of normalized voltage 𝐸𝐸� . The blue circles mark the starting states of each sensor. The 
required normal stress to deform the DE sensor to a certain extent is further reduced 
compared with cases without pre-stretch as shown in Figure 3.2a; the DE material is made 
more compliant by pre-stretching the sensor prior to the voltage application. Figure 3.5b 
plots the pressure/deformation relation with respect to the starting states for each sensor. 
The output capacitive signal ∆𝑣𝑣 is plotted against 𝑃𝑃1
(st) in Figure 3.5c and the sensitivity 𝑠𝑠 





as the largest sensitivity in absence of pre-stretch. Figure 3.6 shows how the sensitivity 
scales up with the pre-stretch level. At same applied voltage 𝐸𝐸�=0.19, 𝑠𝑠 increases by one 
order of magnitude when pre-strain deformation changes from 1 to 0.28. The sensitivity of 
the DE normal force sensor fabricated with the identical material can be tuned over a large 
range (𝑠𝑠=0.73 when no pre-strain and voltage applied; 𝑠𝑠=34.4 at 𝐸𝐸�=0.22 and Λpre=0.36) 
through the combination of pre-stretch and applying voltage. As we point out, pre-
stretching and applying voltage provides a facile approach to achieving tunable and 
enhanced sensing capability of DE force sensor.   
3.5 Summary of Chapter 3  
In conclusion, the present design using dielectric elastomer as the sensing medium has 
demonstrated the possibility of achieving in situ tunable and enhanced sensitivity, which 
is in sharp contrast to the traditional force sensor designs with fixed sensitivity. The tunable 
sensitivity is attributed to the fact that the effective mechanical property of DE sensor can 
be modulated through pre-stretch and voltage. To characterize the design of the DE force 
sensor, we identified four stages of such a DE sensor: the pre-stretch state upon the bi-
lateral pre-stretch, the starting state upon application of voltage, the working state under 
normal stress, and the final state at the dielectric breakdown limit. We further investigated 
the failure mode of the DE sensor by studying the electromechanical instability at the 
actuation stages and its effect on the working range of the DE sensor. By simply leveraging 
the combination of pre-stretch and voltage, the in situ sensitivity can be enhanced by a 





the voltage and pre-stretch. Such a facile design strategy may find application in robot skins 







Chapter 4: Deformation of Temperature Sensitive Hydrogel and a 
Light-Sensitive Morphology Transform Hydrogel3 
A striking feature of hydrogel is the large deformability inherited from its soft nature. Due 
to this large deformability, it has been extensively explored as soft actuators to mimic the 
living organisms.  In this chapter, we develop a composite porous hydrogel sheet that can 
rapidly transform into multiple 3D shapes in response to a near-infrared (NIR) light on-
demand. The transformation relies on a photo-thermal-induced asymmetric shrinking of 
the hydrogel material, which was further verified by finite element modeling. 
4.1 Background 
4.1.1 Hydrogel material system development and the inspirations from nature  
As aforementioned in the introduction chapter, in the past decade hydrogel emerges as an 
interdisciplinary research frontier where material sciences, medical sciences, 
bioengineering, and mechanical engineering encounter. The underlying reason why 
hydrogel is located at the crossroad is manifold. First of all, the hydrogel bears a striking 
similarity to the material found in natural living organisms: both contains a substantial 
amount of water as an important constituent. The other constituent phase of hydrogel is a 
                                                 
 
3 The main results from this chapter have been published as or submitted for publication 
• H. Guo, J. Cheng, J. Wang, P. Huang, Y. Liu, Z. Jia, X. Chen, K. Sui, T. Li, Z. Nie Reprogrammable 
ultra-fast shape-transformation of macroporous composited hydrogel sheets, Journal of Materials 
Chemistry B, 5 (16), 2883-2887 (2017). 
• H. Guo, J. Cheng, K. Yang, K. Demella, T. Li, S. Raghavan, Z. Nie, Programming the Shape 
Transformation of Composite Hydrogel Sheet via Erasable and Rewritable Nanoparticle Patterns 





hydrophilic cross-linked polymer network, such a structure into which matters are 
organized is also an analogy to what possessed by biological materials, for example organ 
tissues. The similarity entails hydrogel superb bio-compatibility, enabling an array of 
applications from the everyday necessary contact lenses to drug releasing media for wound 
healing. Furthermore, living organism tissues function differently from different organs 
due to the cellular differentiation process from which cells acquire specialized structures 
and functions. Inspired by nature, hydrogels material can also be engineered with 
functional molecular groups linked to the polymer network backbones, enriching the 
applications of hydrogel and broadening the horizon of hydrogel research. For example, 
azobenzene functional group which undergoes an isomeric transition under UV exposure 
can be synthesized to the polymer network resulting in a photosensitive hydrogel [127]–
[129]. Lastly, both hydrogels and natural biomaterials are easily deformed upon 
mechanical loadings, making hydrogel material a promising candidate for applications 
from soft actuators and soft sensors towards an overall integrated technology for soft 
robots.  
Therefore, the inspirations one may get from nature for hydrogel material system design 
can be categorized into three following aspects:  
I. Novel hydrogel material structures inspired by nature biomaterials. 
II. Novel hydrogel synthesis and fabrication process inspired by nature biomaterials. 





The purpose and motivation of this chapter is to (1) establish a light-responsive hydrogel 
material system which mimics the morphological change of nature organisms; (2) develop 
a multi-physics analytical and simulation capability to unveil the mechanism of 
morphological change; (3) apply the analytical framework to guide the development of the 
bio-mimicking hydrogel as well as evaluate the performance of this new hydrogel.  
4.1.2 Morphology change strategies in nature 
 
Figure 4.1 Examples of self-adaptive morphological change in nature (a) swimming of a squid in 
ocean in response to neural signal; (b) blooming of a flower in response to temperature and day 
light cycle; and (c) closing of a Venus flytrap due to instantaneous water loss triggered by electrical 
potential change. (Figures used here are obtained from Google and with appropriate reproduction 
license.) 
Form squid swimming (Figure 4.1a), flower blooming (Figure 4.1b), to Venus trap closing 
(Figure 4.1c), there is a wealth of inspirations soft actuators and soft robots can borrow 
from nature’s self-adaptive morphology transforms [130]–[133]. These strategies share in 
common two key features. Firstly, multiple patterns can be achieved from a single 
organism. An octopus is able to conform to almost any arbitrary shape of a container and 





quick response to external stimulus in their respective timescales. The squid waves its body 
fin in a fraction of one second to strike the water. Venus trap closes fast enough to capture 
the insects who triggered the closing mechanism. However, presently the existing efforts 
to design and fabricate shape-transforming hydrogel-based actuators are heavily dependent 
on preprogrammed patterns, limiting the number of target shapes a soft actuator is able to 
acquire  [134]–[140]. In this case, one or more responsive components are patterned in the 
hydrogel sheet and the target shapes are already determined at the design stage. 
In order to address this delinquency, a preprogram-free, strcutre-independent, and 
reprogrammable poly (N-isopropyl acrylamide) (PNIPAM) Ag nanoparticles (AgNPs) 
composite hydrogel is proposed. The strategy utilizes light as triggering stimulus [141]–
[143], instead of preprogramming the hydrogel structure at the fabrication stage, the 






4.2 Design of reprogrammable light-responsive hybrid hydrogel system4 
 
Figure 4.2 (a) Illustration of the PNIPAM/AgNPs hybrid hydrogel system (b) Concept of the light-
responsive shape transform mechanism. A combination of the AgNPs’ photo-thermal effect and 
PNIPAM’s temperature sensitive phase transition make the hybrid hydrogel light-responsive to 
NIR exposure.  
The structure of the PNIPAM/AgNPs hybrid hydrogel system is illustrated in Figure 4.2a. 
After gelation the PNIPAM hydrogel piece is immerged in a Ag+ solution where the Ag 
nanoparticles are produced through an in-situ reduction process of the Ag+. The 
PNIPAM/AgNPs hybrid hydrogel is fabricated. The constituent PNIPAM hydrogel 
undergoes a coil-to-globule transition at the lower critical solution temperature (LCST) 
around 32ºC [144]. This molecular transition results in a rapid dehydration of the PNIPAM 
hydrogel due to the abrupt change in hydrophilicity of the polymer network associated with 
                                                 
 
4 Experiments in this section is designed and conducted by Dr. Hongyu Guo from Prof. Zhihong Nie’s 





the phase transition[145]. In addition, the embedded AgNPs transduce near infrared (NIR) 
photons into heat, serving as localized heat flux sources. A combination of PNIPAM and 
AgNPs brings together the photothermal effect and the thermal responsiveness, resulting 
in a light-responsive hydrogel, as shown in Figure 4.2b. By changing the shape of light 
pattern on the same hybrid hydrogel sheet, various morphology transform can be achieved, 
as shown in Figure 4.3. Upon the removal of irradiation, the hybrid sheet starts to recover 
its original flat shape and is ready to transfer into a different shape upon irradiation with 
another pattern. The porous microscopic structure fosters water transportation inside the 
hydrogel, enabling a fast light-responsive within several seconds to reach the maximum 
deformation.  
 
Figure 4.3 Concept of the PNIPAM/AgNPs hybrid hydrogel transforming into different shapes in 
response to NIR light irradiation. (a) The PNIPAM hydrogel immersed in Ag+ solution. (b) the 
PNIPAM/AgNPs hybrid hydrogel fabricated by in-situ reduction process of Ag+. (c) Under NIR 
irradiation through a round mask the hybrid hydrogel transforms into a (d) dome shape. (e) Shape 
recovery when the light is removed. (f) Under NIR irradiation through a rectangular mask the 
hydrogel piece deforms into a (g) saddle.  (h) SEM image of the hybrid unveils porous structure at 





4.3 Deformation mechanics of temperature-sensitive PNIPAM hydrogel 
4.3.1 Free energy model of temperature-responsive hydrogel 
In our PNIPAM hydrogel, the interacting aggregation of cross-linked polymer chain 
network and solvent molecules constitutes a thermodynamic system of which the 
macroscopic behaviors are governed by its thermodynamic energetics. The deformation of 
PNIPAM hydrogel in balance with mechanical loads and a solvent reservoir can be 
modeled by the framework developed by Cai and Suo [24]. By thermodynamics 
consideration, the Helmholtz free energy of a swelling hydrogel arises from two origins: i) 
the stretching of the polymer network and ii) the mixing of the two species of molecules. 




𝑁𝑁𝑁𝑁𝑁𝑁[𝐅𝐅:𝐅𝐅 − 3 − 2log(𝐽𝐽)]











where 𝑊𝑊 is the free energy per unit volume in the dry state, N is the number of polymer 
chains per unit volume in the dry state, k is Boltzmann constant, T is the current temperature 
at the material point, F is the deformation gradient tensor which takes the original dry state 
as reference frame, J is the Jacobian of deformation gradient tensor, i.e., J=det(F), v is the 
molecular volume of water, c is the relative concentration of solvent molecules in the 
hydrogel-solvent aggregation, and A0, B0, A1 and B1 are parameters related to the enthalpy 
of mixing. The first term in Equation (4-1) denotes that the stretching of polymer chain 





the mixing of PNIPAM polymer and water molecules follows the Flory-Huggins theory of 
solution [18]. A0, B0, A1 and B1 in Equation (4-1) are to be fitted to the experimental data 
for different temperature-responsive hydrogels, as we will identify in the immediate section 
for our PNIPAM-AgNPs hybrid hydrogel. 
Equation (4-1) specifies the explicit expression of the free energy density function which 
takes the extensive variables F, c as well as the intensive variable T as its arguments. In 
such cases that the hydrogel is put in contact with a stable aqueous reservoir, the chemical 
potential of solvent molecule μ is constant; then upon Legendre transformation, the free 
energy density W is carried to its corresponding thermodynamic potential: 
𝑊𝑊� (𝐅𝐅,𝜇𝜇,𝑁𝑁|𝑁𝑁,𝜀𝜀0,𝐵𝐵0,𝜀𝜀1,𝐵𝐵1 ) = 𝑊𝑊(𝐅𝐅, 𝑐𝑐,𝑁𝑁|𝑁𝑁,𝜀𝜀0,𝐵𝐵0,𝜀𝜀1,𝐵𝐵1)− 𝜇𝜇𝑐𝑐 (4.2) 
thus, Ŵ is a natural function of F, μ and T. 
When the stress level is adequately low so that no new void or pore is generated in the 
hydrogel, the volumetric change of the material solely results from the migration of solvent 
molecules; hence the deformation F and solvent concentration c are correlated by [23]: 
 𝐽𝐽 = 1 + 𝑣𝑣𝑐𝑐 (4.3) 



























(𝐽𝐽 − 1) 
(4.4) 
4.3.2 Free swelling of PNIPAM hydrogel in water and determination of parameters 
When submerged in an aqueous environment with homogeneous temperature field, a piece 
of free standing PNIPAM hydrogel, in the absence of pre-introduced stress, will swell (or 
contract) freely in response to the uniformly varying temperature field. The free swelling 
case satisfies the condition that the hydrogel deforms uniformly in any three orthogonal 
directions and that the hydrogel retains its stress-free state since neither deformation 
mismatch nor mechanical constraint exists. For such a homogeneous deformation, the 







where λ is the uniform stretch ratio. And in this case the volumetric ratio J=V/V0= λ3, where 
V is the volume of the hydrogel piece in the deformed state and V0 is the volume in the 
reference (dry) state.  
As discussed above the stress tensor vanishes: 
 
𝑆𝑆𝑖𝑖𝑘𝑘(𝐅𝐅, 𝜇𝜇,𝑁𝑁|𝑁𝑁,𝜀𝜀0,𝐵𝐵0,𝜀𝜀1,𝐵𝐵1 ) =
𝜕𝜕𝑊𝑊�
𝜕𝜕𝐹𝐹𝑖𝑖𝑘𝑘





Equation (4.6) yields the relation between stretch ratio λ and temperature T in the free 
swelling case. In addition, if the chemical potential of water is known and set to zero, then 
T can be readily expressed by the following equation: 
 
𝑁𝑁 = −
𝑁𝑁𝑣𝑣(𝜆𝜆5 − 𝜆𝜆3) + 𝜆𝜆6 log(1 − 𝜆𝜆−3) + 𝜆𝜆3 + (𝜀𝜀0 + 𝜀𝜀1𝜆𝜆−3)
𝐵𝐵0 + 𝜆𝜆−3𝐵𝐵1
 (4.7) 
The equation above dictates the temperature required by the principle of minimum free 
energy, in free swelling cases, for the temperature-sensitive hydrogel to maintain certain 
amount of deformation. In other words, it also depicts how the hydrogel deforms in 
response to the change of the homogeneous temperature field.  
 
Figure 4.4 Volumetric swelling ratio of porous PNIPAM hydrogel as a function of temperature. 
This curve is used to determine the parameters used in finite element modeling as described in the 
text of the supporting information 
By fitting the function T(λ|S=0, μ=0) to the experimentally obtained T~J relation, we 
determined the parameters Nv, A0, B0, A1 and B1. Figure 4.4 shows the fitted curve of 





Nv=0.03317, A0=−2.5418, B0=0.01081, A1=0.57099, B1=−0.000418. We will use this set 
of parameters for our PNIPAM hydrogel in the following calculations.  
4.3.3 Model of heat transfer  
When the top surface is exposed to NIR laser, the AgNPs embedded in PNIPAM absorb 
the photons and convert the light energy into heat, the surrounding hydrogel matrix is thus 
heated. In order to benchmark the thermal properties of our PNIPAM hydrogel, we setup 
the transient heat transfer model for a hydrogel piece with length Ld=1.7cm, width 
wd=0.85cm and thickness td=0.5mm (same dimensions as the hydrogel piece in the NIR 
light irradiation experiment). The initial temperature of the entire body is the same as 
ambience temperature T0=295K. Then the top surface of the hydrogel piece is brought to 
exposure to two adjacent laser stripes with width wl=0.2cm and heat flux intensity H=1.2 
J∙cm-2∙s-1, and the bottom surface away from the laser irradiation is set to the constant 
ambience temperature. Laser is switched on for 120 seconds and is shut down thereafter to 
let the hydrogel cool down through heat dissipation into the ambience. Keeping track of 
the temporal evolution of the highest temperature on the top surface, we are allowed to 
compare the temperature response curve with the experimental data and determined the 
thermal diffusivity of PNIPAM hydrogel α=K/ρCp=2.36×10-5 cm2/s, where K, ρ and Cp 
denote the thermal conductivity, density, and specific heat of the material respectively. The 
temperature contour of the top surface and the highest temperature evolution are shown in 






Figure 4.5 Thermography for heat transfer model calibration and a comparison between the 
experiment and the simulation results. The hybrid sheet is irradiated for 120 seconds and remove 
the light source. (a) Thermography and the evolution of the maximum surface temperature. (b) 
Simulation result and the evolution of the maximum surface temperature.  
4.3.4 Fully-coupled thermomechanical model of the light-responsive hydrogel 
The deformation behavior of a temperature-sensitive hydrogel is governed by a 
thermodynamic free energy thus resembling a hyperelastic material [23], [24]. Each 
thermodynamic equilibrium state of temperature-sensitive hydrogel is a local minimum of 
the system free energy which can be fully defined by the stretch ratios λ and a dependent 
solvent molecule concentration c as discussed above. Furthermore, the thermodynamic 
equilibrium is to be altered upon the change of environment variables. Therefore, besides 





hydrogels are also able to deform in accordance with the change in temperature and 
chemical potential.  
Solving for the equilibrium states is a boundary value problem (BVP). For simpler cases, 
e.g., free swelling hydrogel with homogeneous temperature, analytical solution can be 
obtained, whereas for more complicated case, e.g., hydrogel swelling in an inhomogeneous 
temperature field, the BVP can be solved numerically by FEM. We adopted the FEM 
framework established by Ding et al. for the temperature-responsive hydrogel [25], and 
prescribed the material properties determined above to the PNIPAM hydrogel used in this 
study.  At this stage we assume that the deformation of PNIPAM hydrogel will not affect 
the heat transfer processes. A fully coupled thermo-mechanical algorithm is implemented 
in the commercial FEM package ABAQUS by making use of its temperature-displacement 
elements.  
4.3.5 Deformation of PNIPAM hydrogel in inhomogeneous temperature field 
When the hybrid hydrogel is partially exposed to NIR irradiation, the temperature of 
irradiated region increases due to the photo-thermal effect of the AgNPs, whereas the other 
areas remains at the ambience water temperature. A non-uniform temperature field is thus 
established. As shown in the thermography in Figure 4.5a, an in-plane thermal gradient 
(ranging from 22 ºC to 32 ºC) is created over the hydrogel top surface. In addition, the heat 
propagation along the thickness direction and come to a thermal equilibrium with the 
surrounding surfaces, as is confirmed by the cross-sectional temperature profile from the 






Figure 4.6 Temperature-gradient-induced asymmetric strain field. (a) FEM analysis of temperature 
distribution within the hybrid sheet upon light irradiation. An infinite convection boundary 
condition is used in the calculation of the temperature profile. (b) FEM analysis reveals that an 
asymmetric strain distribution is established within the sheet upon localized light exposure, which 
essentially actuates the sheet’s bending. 
Because there are two types of temperature gradients in the hybrid sheet: the in-plane 
thermal gradient and through-thickness thermal gradient (Figure 4.6a). For the bending 
shape transformation, the in-plane temperature gradient determines the position of the 
localized deformation, as the bending tip resides at the center of the in-plane gradient. In 
contrast, the z-direction thermal gradient causes a larger volumetric change closer to the 
top-surface, thus breaking the deformation symmetry along the direction of hydrogel 
thickness and determining the bending direction. For more complicated shape 
transformations (such as the dome shape and saddle shape under corresponding light 
masks), each light illumination generates a signature temperature field inside (as well as 





thickness thermal gradient together determines a unique morphology change. As shown in 
Figure 4.7, each irradiation shape corresponds to a unique temperature gradient field inside 
the hydrogel, resulting in a specific deformed shape. The shape transforms predicted by the 
simulation are in good agreement with the experiment.  
The swelling behavior of PNIPAM hydrogel stemming from this microscopic mechanism 
can be captured by its thermodynamics [146]: the coil-to-globule transition is associated 
with change in a macroscopic Helmholtz free energy. Moreover, the non-uniform swelling 
field in the hydrogel body is accompanied by interior stresses, as a result of the swelling 
difference between the hydrogel and its neighboring material. In such case, the free energy 
of the hydrogel includes the strain energy in addition to the free energy due to the mixing 
of PNIPAM network and water molecules. At the presence of a temperature gradient, the 
equilibrium responses of PNIPAM hydrogel to the inhomogeneous temperature field are 
governed by the mechanical model which determines the steady states of PNIPAM 
hydrogel as the Helmholtz free energy minima of the entire system calculated by Equation 
(4.4). The PNIPAM constitutive model is implemented in ABAQUS user subroutine and 
the deformation is computed using the directly coupled thermo-mechanical analysis. 
Without missing the nature of the deformation, the exterior surfaces of the hydrogel sheet 
are set to be at infinite convection thermal exchange with the ambience in the heat transfer 
model. (The effects of finite convection boundary condition to the deformation of the 
hydrogel is studied in section 4.4.) The hydrogel material in the exposed area undergoes a 





differential swelling due an asymmetric temperature field in the hydrogel material actuated 
its bending. 
 
Figure 4.7 Experiment and simulation results of shape transformations of the same hybrid hydrogel 
sheet into five different shapes. (a) Experiment. (b) Simulation. The red stripes in (a) indicate the 
shape of light pattern. Scale bar: 0.85cm. The contour in (b) shows the stress level in the hydrogel 





4.3.6 Parametric study of the effects of the light irradiation width and power density 
on the actuated deformation 
 
Figure 4.8 Effects of laser power density and laser stripe width on the activated deformation. (a) 
Experimental study on the bending of the hybrid hydrogel sheet as a function of laser power density 
and irradiation stripe width. The width of the rectangular irradiation stripe was varied while its 
length was kept as 0.9 cm. The red circle indicates the irradiation condition used in the current 
experiment. √:  the sheet bent at the applied irradiation. ⨯: the sheet exhibited no visible bending 
under the applied irradiation.  (b), (c), (d) FEM analysis of the sheet’s deflection (h/td) and bending 
curvature (κtd) with respect to laser power density and irradiation stripe width. The FEM results 
indicated that the deflection and bending curvature increased with the increase of either laser power 
density or irradiation stripe width. 
In order to investigate the impact of the heat flux intensity H and the laser stripe width wl 





of 1.7cm×0.5mm hydrogel is exposed to a stripe-shaped laser irradiation with heat flux 
intensity H and width wl. We plot the dimensionless curvature (κtd) as the indicator of 
localized deformation and the dimensionless transverse deflection (h/td) as the 
measurement of overall deformation (Figure 4.9). The simulation confirms such a positive 
correlation between the bending deformation and the laser power density as well as the 
stripe width (Figure 4.8c, d, and Figure 4.9). The bending deformation increases with the 
increase of either the laser power density or the irradiation stripe width. Increasing the laser 
power density enhances the heat generation. A larger thermal gradient is hence established 
in the sheet resulting in an increased bending. Moreover, the wider laser stripe makes a 
larger portion of hydrogel to contribute to the total deformation and as a result, the 
deflection is larger. The curvature at the tip and the deflection in the lateral direction both 






Figure 4.9 Finite element modeling of effects of irradiation stripe width on bending of the hybrid 
sheet. The bending increases with the increase of irradiation stripe width. a) Normalized curvature 
κtd ; b) deflection h/td as a function of laser stripe width wl  at heat flux intensity H=1.8 J∙cm-2∙s-1 
We also establish a parametric experimental study using a light irradiation stripe to trigger 
the bending deformation. As shown in Figure 4.8a, if the total energy provided is low (total 
energy input P = H×wl), the dissipation prevails thus no effective thermal gradient is 
established. The actuation phase diagram in Figure 4.8a has a hyperbola boundary, 
indicating the activation threshold is in form of a product of laser power density and the 
strip width. Compared to the simulation, there exists an irresponsive zone in the 
experimental phase diagram. This can be attributed to the fact that the activation due to 
thermal input should be at least greater than a threshold dictated by the dragging force from 
the water environment. That is, the activated deformation is too small to overcome the 






Figure 4.10 Finite element modeling of the bending of the hybrid hydrogel sheet with respect to 
laser stripe width at a fixed total input energy. (a) The hybrid hydrogel sheet is subject to laser 
stripes with the light input energy fixed at 3.6 J/s. (b) Normalized curvature κtd and deflection h/td 
as a function of laser stripe width wl at a fixed light input energy of 3.6 J/s. td is the thickness of the 
hybrid sheet which is 0.5 mm.  The FEM analyses indicates that at a fixed light input energy, the 
bending curvature decreases with the increase of laser stripe width, while the overall deflection 
(h/td) reaches a maximum when increasing the laser stripe width.   
Additionally, if a PNIPAM hydrogel piece is brought to exposure to a fixed power laser 
source, i.e., the total quantity of energy absorbed by the hydrogel is fixed at certain amount 
(P=Hwl=const), there exists an optimal combination of H and wl which yields the largest 





and a narrower one comes with a higher intensity if the laser source power is fixed at 
P=Hwl=3.6 J/s. Figure 4.10a also shows the temperature field in the reference state and the 
stress field in the deformed state. The stress scale is normalized by 𝑁𝑁𝑁𝑁0/𝑣𝑣𝜆𝜆03, where the 
Boltzmann constant k=1.3806×10-23 m2kg∙s-2K-1, the initial temperature T0=295K, the 
initial stretch ratio λ0=1.5489 (at T0=295K and relative to the dry state), and the molecular 
volume of water v=2.9922×10-29 m3. Upon the increasing wl the intensity H decreases, and 
the resulting localized deformation is deduced (Figure 4.10b). However, the deflection of 
the hydrogel piece has a maximum at wl=0.2cm, this is because the deflection indicates the 
level of the total deformation of the entire piece. The increasing wl brings a larger part of 
hydrogel into irradiation, while the amount of heat which per unit area of top surface 
receives is reduced. The tradeoff between the increasing number of contributors and 
decreasing amount of the contribution per share allows the existence of the maximum 
deflection. 
4.4 Deformation of light-responsive hydrogel with heat transfer model 
using convective boundary condition 
4.4.1 Effects of finite convection 
The light responsive deformation behavior of the hybrid hydrogel depends on the heat 
transfer process inside the hydrogel which establishes an asymmetric temperature field 
triggering the directional bending towards the laser source side. The heat transfer process 
is determined by two main factors, namely the energy flux input from the laser and the heat 





we fixed the temperature on the back surface of the hydrogel at the ambience temperature. 
This case corresponds to the maximum convection condition on the back surface, i.e., the 
convection coefficient is infinite so that the energy dissipates at the highest rate. As a result, 
the back-surface temperature of the hybrid hydrogel sheet equals the temperature of its 
surrounding water. Such treatment is valid only if approach such as forced convection is 
implemented.  
 
Figure 4.11 Effect of finite convection on the activated deformation. Temporal evolution of the 
bending angle at various heat fluxes H into the center of the hydrogel. The color legend in top left 
side of the figure showed the temperature distribution at both the peak bending angle state and at 
the steady state when H=6W/cm2.   
To investigate the effect of finite convection on the evolution of temperature and 
deformation, we prescribed finite convection boundary condition on the hydrogel surface, 
in addition to the heat flux over the central section of the top surface.  Because the water 





between the network and the ambience, the convection coefficient was set at a moderate 
value 700 Wm-2K-1, and the ambience temperature was set at the room temperature 295K. 
We used the angle change α to quantify the bending deformation. Figure 4.11 shows the 
temporal evolution of α for different heat flux inputs. When heat flux was comparatively 
small (H=3 and 3.5W/cm2), α increased monotonically with time and converged to an 
equilibrium state value of 29.5° at ~6s. In all the other cases where H>3.5W/cm2, the angle 
reached a maximum value and started to decay.  For example, when H=3.5W/cm2, α 
reached a peak value 35.2° at 1s, then gradually reduced to a steady state value at 21.6o. 
Compared to the fixed temperature boundary condition, the heat dissipation was smaller 
for the finite convection case, thus temperature field was established at a higher rate, which 
resulted in a fast deformation response: at the maximum bending angle, the highest 
temperature in the center of the top surface was 315K, and the back surface was heated up 
to 301K. A temperature difference of 14K was developed in ~1s.  In addition, with finite 
convection both the top and back surfaces were heated to a higher temperature.  The 
elevated temperature on the back surface leaded to a reduction of the bending angle. As 
shown in Figure 4.4, the globule/coil phase transition of PNIPAM was accomplished at 
~305K, and the volumetric deformation in the top layers reached its saturation. Therefore, 
any further temperature increase only resulted in the shrinkage in the back layers, pulling 
the hydrogel piece away from its initial deformation, which in turn reduced the bending 
angle.  As indicated by the temperature profiles at the equilibrium state in Figure 4.11, even 
though the temperature difference between the top/back surfaces at the maximum 





angle was 13.6° larger. This was because the increase of the top surface temperature from 
315K to 327K was not accompanied with any further shrinkage, whereas the volume of the 
back-layer reduced as the temperature increased from 301K to 312 K. This resulted in the 
reduction of bending angle from the maximum bending state. 
 
Figure 4.12 Effect of temperature difference between sheet’s top and bottom surface on its bending. 
The solid blue line shows the maximum bending angle under 700 Wm-2K-1 surface convection 
(finite convection condition), and the dashed line represents α in the steady state under same surface 
convection condition. The red line shows the bending angle for fixed temperature boundary 
condition. The numbers indicate the heat flux inputs. 
To compare the deformation capability of the hydrogel piece under finite and infinite 
convection boundary conditions, the bending angle was plotted in Figure 4.12 against the 
top/back surface temperature difference. At first, the hydrogel with finite convection 
deformed more. This was because (1) the top surface temperature was higher with finite 
convection, and (2) the heat-affected zone was larger near the top.  When ΔT>15K, these 
two factors were overcome by increased temperature in the back-layer and the deformation 
was larger for the infinite convection case.  The dashed line showed the bending angle in 





4.4.2 Impact of the non-uniform thermal conductivity 
The distribution of AgNPs in the hybrid hydrogel also affected the heat transfer behavior. 
Our experiments indicate that the AgNPs tend to aggregate at top than at bottom surface of 
the sheet and might be sparsely distributed within the hybrid sheet. Therefore, there might 
exist a thermal conductivity difference along the thickness direction.  To demonstrate the 
effect of the non-uniform thermal conductivity on the deformation behavior, the hydrogel 
piece was partitioned into two layers from the median plane, and the thermal conductivity 
of the bottom layer was set to 1/3 that of the top layer to mimic the AgNP depletion.  The 
applied 5 W/cm2 heat flux and the convection on other exterior surfaces were the same as 
the baseline case, as shown in Figure 4.13a. The calculated bending angle in the steady 
state was 45.7° while the hydrogel with uniform thermal conductivity only bent 23.2° 
(Figure 4.13b and d).  This was because that the bottom layer with reduced thermal 
conductivity functioned as a thermal barrier which impeded the heat propagation into the 
bottom layer. Therefore, the heat was transferred more into the top layer and generated a 
heat-affected zone with an increased size. As shown in Figure 4.13c and e, the area where 
T>303K had a width of 2.1mm, in comparison to the baseline case where the width of the 
same area was 1.6mm.  The increased size of heat-affected zone involved more PNIPAM 






Figure 4.13 Effect of the inhomogeneous thermal properties in the thickness direction. (a) 
Schematic of a double-layered hydrogel piece with different thermal conductivities k. (b) Bending 
angle in steady state for double-layered hydrogel and (d) for the baseline case. (c) and (e) The 
temperature profiles in the reference (undeformed) frame for both cases.  
4.4.3 Impact of the ambience temperature 
In all the aforementioned calculations, we set the ambience temperature at 295K. Upon 
further illumination, the local temperature of water near the hydrogel piece will also 
increase due to its weak absorption of NIR light. To understand the effect of the increased 
ambience temperature, we set the ambience temperature at 300K over the 3.5mm section 
in the center of the back surface, and left the ambience temperature around all the other 
surfaces at 295K.  The applied 5W/cm2 heat flux remains the same as the baseline case. 
The bending angle declines to 12.7° from 23.2° (Figure 4.14 a and b). This further reduction 
of deformation corresponds to the dome collapse which was observed in the experiment 
for the thinner sheet (Figure 4.14c~f).  Figure 4.15d~g indicates that at higher power input 





elevated back-surface temperature and a reduced activated angle. The thickness-direction 
thermal gradient is necessary for the hybrid sheet to have a stable shape transformation. 
The deformation of the hybrid hydrogel system is a result of a fine interplay between the 
heat transfer in the hydrogel and the dissipation into the environment.   
 
 
Figure 4.14 Bending instability due to the destruction of thermal gradient. Simulation: Bending 
angle reduced from (a) 23.2° in the baseline case to (b) 12.7° if the ambience temperature increased 
to 300K over the center 3.5 mm section of the back surface. Experiment: Shape transformation of 
the hybrid hydrogel sheet under increasing laser power. (c)~(f) the sheet undergoes a bending 
instability when the power reaches 1.5W. Scale bar: 0.85cm. 
4.5 Summary of Chapter 4 
In this chapter, we create a light-responsive hybrid sheet composed of a thermo-responsive 
polymer (PNIPAM) and silver nanoparticles (AgNPs). The light-responsive behavior is a 
combination of the photothermal effect of the AgNPs and the temperature-sensitive phase 
transition of PNIPAM. Upon NIR irradiation, the hydrogel shape transformation is highly 
reversible and reprogrammable.  





From the perspective of thermodynamics, we establish an analytical model for the 
deformation mechanics of the proposed hybrid hydrogel. Taking advantage of this coupled 
thermomechanical analytical capability, we shed light on the mechanism of the light-
responsive behavior of the new material system. According to the theoretical analysis and 
FEA results, each shape transformation relies on the unique swelling pattern generated by 
the specific thermal gradient established by the light pattern. The thermal gradient is 
created through a delicate balance between the continuous localized heating by the AgNPs 
under NIR irradiation and the heat dissipation to the aqueous environment.  
To guide the design of the hybrid hydrogel, we further evaluate in depth the effects of the 
light irradiation geometry, power density, and the heat transfer boundary conditions on the 
morphology transform. We unveil that the most effective shape transformation (measured 
by the activation angel) is dependent on the z-directional thermal gradient. Finite 
convection of the surrounding aqueous environment results in an increased back-surface 






Chapter 5: Deformation Mechanics of Microfiber-Reinforced 
Anisotropic Hydrogel5 
5.1 Introduction 
5.1.1 Anisotropy in the Nature’s soft matters 
Hydrogel has emerged as one of the most promising bio-mimicking materials, for the sake 
of its ultrahigh water content and extraordinary bio-compatibility [147], [148]. Inspired by 
nature’s broad lore of deformation mechanisms, in fields such as soft actuators and soft 
robots, researchers have devoted great attention in reproducing morphology transforming 
schemes of living organisms by using manmade hydrogels. Even though the living 
organisms are often characterized by a highly hierarchical, directional and anisotropic 
microscopic structure (as shown schematically in Figure 5.1), in sharp contrast, their 
inorganic counterpart hydrogel usually possesses an isotropic architecture, inherited from 
the conventional polymerization process [147]. However, anisotropic structures has an 
enabling role in the performance of physiological functions: muscle depends on the 
uniaxial contractions of the muscle fibers to act (Figure 5.1a); cartilage relies on the 
                                                 
 
5 The findings from this chapter have been published or summarized for publication as 
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T. Li, L. Hu, Selectively aligned cellulose nanofibers towards high-performance soft actuators, 
Extreme Mechanics Letters (2019) Accepted. 
• C. Chen, J. Song, J. Cheng, Z. Pang, Y. Kuang, W. Gan, H. Huang, U. Ray, T. Li, L. Hu, All-wood 
hydrogel with durable elastic compressibility by exposing cellulose nanofibers for structure 
reformation (2019) Under review. 
• J. Cheng, Z. Jia, T. Li, Modeling the anisotropic mechanical behaviors of microfiber reinforced 





anisotropic structure of collagens to provide lubricating intraosseous support (Figure 5.1c); 
and the directional mass transportation inside plant vascular bundles is realized by the 
highly aligned cellulose fibers (Figure 5.1b).  
5.1.2 Current efforts in designing anisotropic hydrogels and applications 
In an attempt to fill this gap, an array of approaches to endowing hydrogel with oriented 
microstructures were developed within the past decade to mimic the nature’s anisotropic 
soft matters using artificial materials. As summarized by a recent review by Sano et al. 
[147], these methods can be categorized into three distinctive types: (1) Hybrid hydrogel 
with interacting micro/nano-fillers[16], [30], [149], [150]; (2) hydrogel with aligned micro-
channels resulting from the directional crystallization of solvent [151], [152]. (3) Hydrogel 
with aligned reinforcement fibers or secondary network [153].  
 
Figure 5.1 Anisotropic, directional, and hierarchical architecture of living organism of nature. (a) 
Hierarchical structure of muscle. (b) Hierarchical structure of plant cell wall. (c) Hierarchical 






Figure 5.2 Strategies and approaches to introducing directional structures in artificial hydrogel 
materials[147].  (a) Micro/nano-filler hybrid hydrogel (b) Hydrogel with directional micro-
channels. (c) Hydrogel with aligned fibers or network. (Reproduced from the reference) 
 
Figure 5.3 Applications of anisotropic hydrogels in bio-mimicking actuation. (a) Anisotropic 
swelling of a hydrogel with unidirectional dual-network microstructure [154]. (b) Biped hydrogel 
actuator enabled by unidirectional electrostatic repulsive interaction [30]. (c) 4D-printed hydrogel 
structure with aligned cellulose fibrils achieving complex deformations [16]. (d) Hygro-sensitive 






As a result of the distinctive and intrinsic anisotropy, the novelty and significance of 
anisotropic hydrogels has been demonstrated in sundry applications such as bio-mimicking 
actuation. For example, as shown in Figure 5.3a, the  anisotropic PEG– PNIPAM hydrogel 
reported in Ref [154] has an aligned porous PEG scaffold, exhibiting an anisotropy of 2 
during swelling/shrinking. Such an anisotropic deformation may simplify the design and 
fabrication of fluid control systems. Figure 5.3b shows the structure of a hydrogel with 
electrostatically interacting nano-fillers and demonstrates its application in a unidirectional 
progressing biped soft robot.  Figure 5.3c shows a complicated shape transform achieved 
by a 4D printed anisotropic hydrogel with aligned cellulose fibers [16]. The deformational 
behavior of the hydrogel can be modulated by the localized fiber orientation as well as the 
woven pattern.  
5.1.3 Chemically treated cellulose nanofibers (CNF) and anisotropic wood hydrogel 
 
Figure 5.4 Structure of chemically treated cellulose nanofiber (CNF). Bundled CNFs serve as 
backbone providing strength and stiffness. The exposed CNFs is free to associate water molecules 
via hydrogen bonds.  
Apart from inventing artificial anisotropic hydrogels, a brand-new avenue is directly 
reorganizing, at the microscopic level, nature’s existing organic materials as building 





structures of nature’s living organisms are almost anisotropic, anisotropic hydrogel can be 
made by engineering a hydrophilic polymer network upon the anisotropic structures 
already existing in the living organisms. Recently, we chemically process nature wood by 
exposing the hydrophilic cellulose nanofibers naturally bundled within the wood cell walls, 
and thereafter form a cross-linked cellulose nanofiber network, which in turn becomes a 
hydrogel in contact with water molecule [155], [156].  
The structure of an individual post-treatment CNF is featured by a cellulose bundle serving 
as the backbone with cellulose molecule chains tethered on the backbone surface, as 
illustrated in Figure 5.4. Compared to the pristine nature wood cellulose fibers, the treated 
CNFs possess an increased number of surface molecule chains. Therefore, more hydroxyl 
functional groups are exposed and become available to form hydrogen bonds. Once 
immersed in water, a CNF biopolymer network percolates through the material in form of 
a hydrogen bonding system connecting the intermolecular cellulose hydroxyl groups in 
assistance of water molecules. The CNF/water system, by nature, is a microfiber reinforced 
hydrogel: The cellulose fibers packed into the backbone bundle acts as the reinforcement 
phase who provides stiffness and mechanical strength; the others exposed to the surface 
forms a hydrophilic network, absorbing and holding water molecules, as illustrated in 






Figure 5.5 Schematic of cellulose hydrogel processed from nature wood. After the chemical 
treatment, more hydroxyl functional groups are exposed in the wood cell along the free cellulose 
bundles. Through the formation of hydrogen bonds, the cellulose fibers cross-linked as a 
biopolymer network. 
 
Figure 5.6 Property of super durable elastic wood hydrogel formed by cross-linking the intra-
cellular cellulose nanofibers.  (a) Deformation sequence of a representative structure of natural 
wood when compressive force is applied at various strains. Contour shows the von Mises equivalent 
stress normalized by the elastic modulus of the cell wall constituent material; (b) loading-unloading 
curve of the natural wood compressed to maximum strain of 60%; (c) deformation sequence of a 
representative structure of elastic wood when compressive force is applied at various strains - the 
cell wall starts to buckle at an applied strain of 48%; the deformed structure at an applied strain of 
66%; deformed structure at an applied strain of 80%; and the fully recovered structure when fully 









The processed wood hydrogel6 not only inherits the anisotropic nature of the pristine wood, 
but also has an inner-cellular hydrogel formed by the hydrogen bonds between water 
molecules and the hydroxyl groups on the free cellulose fibers. Compared to the nature 
wood featured by a cellular microscopic structure, the hallow cells of the processed wood 
are filled with the cellulose hydrogel which provide superb elastic properties. As shown in 
Figure 5.6, the cross-linked cellulose fiber network saturated with water inside open 
channels is modeled as a hyperelastic material, while the cellular walls are thinner than 
those in natural wood, given the partial disintegration of the cell wall into cellulose fibers. 
The deformation sequence of the simulation model of wood hydrogel under lateral 
compression is shown in Figure 5.6c. The mechanical constraint of the hyperelastic 
cellulose fiber network inside the open channels leads to a rather regulated and coordinated 
deformation of the cellular walls to accommodate the lateral compression, in sharp contrast 
to the random buckling and collapse of the cellular walls in natural wood under 
compression (Figure 5.6a). The hyperelastic nature of the cellulose fiber network also 
results in the steady stiffening of the overall structure, as the lateral compressive strain 
increases (Figure 5.6d). Upon release of the compressive load, the hyperelastic cellulose 
fiber network can help the wood hydrogel to recover to its original shape, with negligible 
residue deformation. 
Another application of the cellulose nanofiber based anisotropic hydrogel is shown in 
Figure 5.3d, a hygro-sensitive actuator with selectively aligned cellulose fibers along the 
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width of the CNF/Polyimide bilayer7. Benefit from its anisotropic microstructure, the 
present actuator outperforms other designs of its kind in response time and lifting weight 
ratio and exhibits a doubled lifting force than its isotropic counterpart.  
5.1.4 Motivation of the constitutive model for fiber-reinforced hydrogel 
Despite its promising outlook in many aspects, there is still a profound lack of well 
formulated mechanical models to properly model and to predict the deformational behavior 
of anisotropic hydrogels, especially a class of fiber-reinforced anisotropic hydrogels. 
Existing modeling techniques tend to fallaciously model the anisotropic swelling in a fiber-
reinforced hydrogel by considering an anisotropic thermal expansion of a mechanically 
isotropic material, or alternatively by combining an isotropic thermal expansion with a 
mechanically anisotropy [157]. This approach is questionable because in reality not only 
the solvent uptake/release is affected by the fiber interaction but also the mechanical 
properties are also altered by the fiber orientation. Another method that entails a free energy 
density function attempts to incorporate the anisotropy in an anisotropic strain energy 
density for the polymer network [157]–[159]. Such a treatment appropriately addresses the 
coupled chemo-mechanical swelling of the material; however, it fails to provide sufficient 
insight in the microscopic pictures of the fiber by using an invariant-based 
phenomenological strain energy [158].  
                                                 
 
7 The experiment is conducted by Dr. Yudi Kuang from Prof. Liangbing Hu’s research group, Department 





In order to properly quantify the deformational behavior of a class of fiber-reinforced 
anisotropic hydrogel, we propose a constitutive model in this chapter. The rest of this 
chapter is organized as follows. In section 5.2, we construct the constitutive models by 
resorting to a micromechanical treatment of the strain energy associated with the deformed 
microfibers. The restriction of limited number of microfiber families is relaxed, and the 
microfibers can be described more precisely by a directional distribution. The equations of 
states, i.e., the stress-deformation relations are derived in the most generic form. In section 
5.3, applications of the FRG constitutive model are explored for hydrogels with different 
types of fiber distributions. The anisotropic mechanical behaviors of these FRGs are 
investigated. In section 5.4, the theory is applied to a humidity-sensitive soft actuator where 
a thin layer of aligned cellulose nanofibers (CNFs) drying on a substrate. The bending 
actuation due to the dehydration of the aligned CNF film is compared with the isotropic 
CNF film. Lastly in section 5.5, the main finding of the paper is summarized as a 
conclusion remark.  
5.2 Constitutive model for microfiber reinforced anisotropic hydrogels 
Let wgel denote the free energy per unit volume of a deformed fiber reinforced hydrogel. 
From a thermodynamics perspective, wgel can be postulated as a summation of the strain 
energy associated with the deformation and the entropic free energy stemming from the 
mixing of the hydrogel polymer network and the water molecules. In the same vein, the 
total free energy density of a deformed fiber reinforced can be calculated by adding the 





 𝑤𝑤 = (𝑤𝑤network + 𝑤𝑤mix) + 𝑤𝑤fiber (5.1) 
where wnetwork stands for the strain energy of the polymer network, wnetwork and wmix add up 
to the free energy of the hydrogel phase wgel. Since w bears the significance of the total 
energy per unit volume, it is necessary to identify a reference state based on which 
quantifications of the hydrogel phase energy and fiber energy both become convenient.  
 
Figure 5.7 Schematic of the structures of a microfiber-reinforced anisotropic hydrogel.  (a) ~ (c) A 
step-by-step representation of fiber reinforced hydrogel preparation processes. (a) A solution 
mixture of solvent, monomer molecules, and microfibers. (b) Orientation of the fibers. (c) As-
prepared FRG. Along with (d) ~ (f) an imaginary composition process of the fiber reinforced 





state of the hydrogel phase. There is no macroscopic net stress in the hydrogel since the stress due 
to network stretch and osmotic stress balance out. (f) The composition of the hydrogel and fiber 
phases by replacing fibers back to the stress-free hydrogel matrix. 
5.2.1 The as-fabricated hydrogel as the reference state 
Figure 5.7a~c describes a representative preparation process of a fiber reinforced hydrogel 
(FRG): As a first step, monomers and microfibers are mixed in a solution. Then the external 
driving force is applied to orient the microfiber to the desired direction and extent of 
dispersion. Lastly, gelation agent is added to the solution to crosslink the monomers into 
polymeric network. In condition that the monomers are uniformly dissolved in the solvent 
and each monomer molecule is surrounded by abundant water molecules, it can be assumed 
that the presence of microfibers does not disturb or alter the gelation of the hydrogel phase. 
As a result, gelation and cross-linking do not induce any localized stress between the gel 
and fiber phases.  
The above gelation process is easily explicable as a two-step imaginary procedure sketched 
in Figure 5.7d~f. To arrive at the same fiber reinforced hydrogel in Figure 5.7c which we 
are concerned with, let us first consider the dry state of the polymer network itself. Next, 
the hydration step brings the dry polymer network to a free-swelling state of the hydrogel 
phase. Such a free-swelling state is characterized by zero net stresses through the hydrogel 
since the stress due to network stretch and osmotic stress balance out. As a last step, the 
composition of the FRG by replacing the microfiber phase back to the stress-free hydrogel 
matrix ensures that the as-prepared FRG is consequently stress-free for both hydrogel and 





does not intervene the gelation process chemically. In reverse, the gelation processes itself 
is also independent of the microfibers mechanically. 
Therefore, it becomes intuitive and convenient to choose the as-prepared state of the FRG 
as the reference state. Those quantities in Eq. (1) now can be mapped to the as-made free-
swelling state and represent the energies per unit volume of the reference state. Because 
the assumption that the microfibers do not have any chemical or mechanical bearings on 
the gelation/cross-linking, the reference state can be determined by the free-swelling 
condition of the pure hydrogel phase. Note that expect for the microfibers, there is no other 
source of anisotropy in the hydrogel phase. Consequently, the gelation of the hydrogel 
phase per se is still isotropic. According to [Ref Hong], a freestanding hydrogel immersed 
in water swells with identical principal stretches Λ1=Λ2=Λ3=Λ0 with respect to the dry 
polymer state, where Λ0 denotes the isotropic free-swelling stretch for the hydrogel phase. 
 𝑁𝑁𝑣𝑣(𝛬𝛬0−1 − 𝛬𝛬0−3) + log(1 − 𝛬𝛬0−3) + 𝛬𝛬0−3 + 𝜒𝜒𝛬𝛬0−6 − 𝜇𝜇/𝑁𝑁B𝑁𝑁 = 0 (5.2) 
where N is the number of covalent crosslinks per unit volume of the dry polymer, v is the 
volume of one water molecule, χ is the Flory-Huggins parameter measuring the 
hydrophilicity of the polymer network, μ denotes the chemical potential of water, kB is the 
Boltzmann constant, and T is the temperature in Kelvin scale.  
Once the as-fabricated state is determined by Λ0, we are ready to construct the total free-
energy density function in Eq. (1) with respect to the reference state. Let X denote the 













where λi is the stretch in the ith principal direction, and the determent of the deformation 
gradient gives the volume ratio J=det(F). At the same material point, the deformation 
gradient tensor for the hydrogel phase is Fg and is a function of F, 
 









g  is the stretch of the hydrogel phase in the ith principal direction of Fg. 
Therefore, the free energy of the hydrogel phase per unit volume of the FRG in the 





























(𝜂𝜂 − 1)� = 0 
(5.5) 




g  is the volume ratio of the hydrogel phase relative to the completely 
dehydrated state of the polymer network. If both the polymer network and the water 





of the volume of both parties, the corollary of that is that the volume ratio 𝜂𝜂 can be further 
expressed as  
 𝜂𝜂 = 1 + 𝑣𝑣𝑣𝑣 (5.6) 
We assume there is no fiber-fiber interaction, thus the strain energy associated with the 
fiber deformation only stems from the stretch or compression (length change) of fiber. In 
the language of mechanics of composite materials, the fiber reinforcement phase is dilute. 
As a single fiber filament must follow the entire FRG deformation in an affine manner, the 
length change of the fiber can be calculated by projecting F to the fiber orientation,  
 𝜆𝜆f = [(𝐅𝐅𝑵𝑵)𝐓𝐓𝐅𝐅𝑵𝑵]
1
2 = �(𝜆𝜆1sin𝜙𝜙cos𝜃𝜃)2 + (𝜆𝜆2sin𝜙𝜙sin𝜃𝜃)2 + (𝜆𝜆3cos𝜙𝜙)2 (5.7) 
where N=(sinϕcosθ, sinϕsinθ, cosϕ) is the direction normal of the filament. Consequently, 
the energy stored in one strained fiber can be expressed as a function of the FRG 
deformation and the fiber orientation, that is, 𝑢𝑢fiber = 𝑢𝑢fiber(𝐅𝐅|𝑵𝑵). If the orientation of the 
fibers follows a distribution, the strain energy per unit volume of the reference state 
becomes [160], [161] 
 𝑤𝑤fiber = 𝜙𝜙�𝑢𝑢fiber(𝐅𝐅|𝑵𝑵)𝜌𝜌(𝑵𝑵)𝑑𝑑𝑠𝑠 (5.8) 
To account for the fibers in all possible orientations, the integral extends over a unit sphere 
in the reference state, 𝜌𝜌(𝑵𝑵) is the probability density of finding a fiber in N direction, ds= 
sinϕdϕdθ is the area element.  
By assembling Eqs. (5) and (7) into Eq. (1), we arrive at an expression for the total strain 

































+ �𝜙𝜙𝑢𝑢fiber(𝐅𝐅|𝑵𝑵) 𝜌𝜌(𝑵𝑵)𝑑𝑑𝑠𝑠 
(5.9) 
At this point, we have in the above strain energy function the material property-related 
parameters: N being the crosslinking density per unit volume of dry polymer, χ being the 
polymer network hydrophilicity parameter, ϕ being the volume fraction of fibers in the 
reference state, Λ0 being the free-swelling ratio of the hydrogel phase at the as-prepared 
reference state, μ being the solvent chemical potential; and the constants: kB being the 
Boltzmann constant, v being the water molecule volume; along with the deformation 
gradient tensors F and Fg as variables. The only question left to be answered is how the 
deformation of the hydrogel phase Fg is related to the deformation of the entire FRG F. In 
the next part, we will link Fg to F under the special case where the reinforcement phase 
falls into the category of microfibers.  
5.2.2 Relation between the deformation of the FRG and the deformation of its 
constituent phases 
For microfiber as a reinforcement phase, its volume is usually much smaller than that of 
the hydrogel phase[153], [155], [156], [162] , 𝜙𝜙 → 0, therefore the microfibers can be 
modeled as one-dimensional volume-less elastically deformable bodies who experience 
only length change prescribed by the entire FRG deformation in terms of an affine 





by the water take-up or relief of the hydrogel phase, that is, the volume ratio of FRG and 
the volume ratio of only the hydrogel phase becomes virtually the same, i.e., 
 𝐽𝐽 = 𝜂𝜂 (5.10) 
One may further picturize the deformation of the entire FRG as the deformation of a 
hydrogel and, on top of that, the affine deformation of some volume-less reinforcement 









































𝜙𝜙𝑢𝑢fiber(𝐅𝐅|𝑵𝑵) = 𝑢𝑢�fiber(𝐅𝐅|𝑵𝑵) , the fiber strain energy does not vanish, 
regardless φ is efficiently small for volume calculation. In the following discussions, we 





5.2.3 A mechanical model suitable for microfiber as reinforcement phase and the 
equations of state  
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The first two terms in Eq. (13) are the stress due to hydrogel phase and the last term is 
contributed by the length change of the microfibers. A common treatment for fiber 
elasticity is to use a linear elastic model whose stiffness is the same in tensile and 
compressive regime. However, given its large aspect ratio, the microfibers of concern 
should be more deformable to compress than to stretch. Hereby, we adopt the two-
parameter elastic model for a single microfiber attributed to Fung [163] and originally 






�𝑒𝑒𝐵𝐵(𝜆𝜆f−1) − 1� (5.14) 
where E and B are the two material-property-related parameters: E is the stiffness at 
infinitesimal strain; and B is a positive shape parameter. The dependence of the fiber stress-





curve becomes curlier and the tensile stiffness is much higher than the compression 
stiffness. When B is zero, the mechanical behavior of the microfiber reduces to a linear 
elastic spring. The effect of E is straightforward, as is shown in Figure 5.8b: The higher 
the E, the stiffer the microfiber. In addition, from Eq. (7) we obtain 
 𝜕𝜕𝜆𝜆f
𝜕𝜕𝜆𝜆1
= 𝜆𝜆1sin2𝜙𝜙 cos2 𝜃𝜃 𝜆𝜆f⁄  (5.15-1) 
 𝜕𝜕𝜆𝜆f
𝜕𝜕𝜆𝜆2




= 𝜆𝜆3 cos2 𝜙𝜙 𝜆𝜆f⁄  
(5.15-3) 
For the sake of simplicity, we define the dimensionless stiffness parameter of the 
microfiber 𝐸𝐸� = 𝐸𝐸𝑣𝑣/𝑁𝑁B𝑁𝑁. Upon assembly, we have a generic expression of the first Piola-
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Figure 5.8 Elastic properties of a single microfiber with asymmetric stiffness in tension and in 
compression. (a) The dependence of the fiber stress-stretch relation on parameter B. (b) The 
dependence of the fiber stress-stretch relation on parameter 𝐸𝐸�.  
In the next section, we will examine the anisotropic behaviors of FRG for three distinct 
fiber system configurations: anisotropic hydrogel with perfectly aligned microfibers, 
anisotropic hydrogel with microfibers uniformly distributed in a plane, and anisotropic 
hydrogel with microfibers following in-plane von Mises distribution. In all the application 
cases to come in the following sections, if not otherwise mentioned, we keep the choice of 
parameters being: Nv=1×10-3, χ=0.2, μ0=0.  
5.3 Applications of the constitutive model and the anisotropic mechanical 
behaviors of microfiber reinforced hydrogels 
5.3.1 Anisotropic hydrogel with perfectly aligned microfibers 
The configuration of the hydrogel with perfectly aligned microfibers are depicted 
schematically in Figure 5.9a. The fibers are arranged in parallel in the material direction 1. 
In the two transverse directions 2 and 3, the material is isotropic. The equations of states 










 (𝛬𝛬0𝜆𝜆1 − 𝛬𝛬0−1𝜆𝜆1−1) + 𝛬𝛬0−3𝜆𝜆1−1 �𝐽𝐽log �1 −
1
𝐽𝐽

















 (𝛬𝛬0𝜆𝜆2 − 𝛬𝛬0−1𝜆𝜆2−1) + 𝛬𝛬0−3𝜆𝜆2−1 �𝐽𝐽log �1 −
1
𝐽𝐽












 (𝛬𝛬0𝜆𝜆3 − 𝛬𝛬0−1𝜆𝜆3−1) + 𝛬𝛬0−3𝜆𝜆3−1 �𝐽𝐽log �1 −
1
𝐽𝐽







We first study the stress-free swelling and dehydration behavior of such a FRG from its as-
synthesized reference state. This problem can be modeled using the stress-free conditions 
in all material directions, i.e, 
 𝑠𝑠𝑖𝑖 = 0 (5.18) 
with i=1, 2, and 3. The above Eq. (18) has virtually three equations for solving the three 
principal stretches.  
As a demonstration, the stress-free swelling/dehydration is solved at 𝐸𝐸� = 𝑁𝑁𝑣𝑣, B = 1. With 
the chemical potential of the solvent μ/kT varying from 0~−0.05, the FRG exhibits an 
anisotropic contraction, as shown in Figure 5.9b. Due to the existence of the microfibers, 
the stiffness in direction 1 is reinforced, therefore the deformation is less when compared 
to the contraction in the two transverse directions. In Figure 5.9b it is also plotted as a 
baseline case the swelling curve of an isotropic hydrogel by taking the stiffness of the 
microfiber 𝐸𝐸� = 0. When 𝐸𝐸� increases from 0, the FRG starts to acquire anisotropic behavior 






Next, we study the anisotropic uniaxial tensile behavior of this FRG. Stretching in 
microfiber direction (Figure 5.10a), the stress condition for the problem is represented by, 
 𝑠𝑠1 ≠ 0, 𝑠𝑠2 = s3 = 0 (5.19) 
Similarly, in the transverse direction (Figure 5.10b), the equations are, 
 𝑠𝑠2 ≠ 0, 𝑠𝑠1 = s3 = 0 (5.20) 
The stress-stretch relations in both 1 and 2 directions are solved for four combinations of 
the microfiber properties as shown in Figure 5.10c~f. The stress in the microfiber direction 
is higher than in the transverse direction due to the reinforcement effect. Moreover, the 
anisotropy becomes more pronounced for microfibers with higher tensile stiffness, i.e., 
higher E and B. However, no apparent difference is observed between the transverse stress-
stretch relations in all these four cases. This can be attributed to the fact that there is no 
intrinsic inter-fiber interaction in the transverse direction and in such direction the material 
property is exclusively dictated by the hydrogel phase. One can therefore use the stress-
stretch curve in the transverse direction to calibrate the material parameters for the hydrogel 






Figure 5.9 Anisotropic free-swelling of an anisotropic hydrogel with microfibers perfectly aligned 
in one direction. (a) Schematic of the anisotropic hydrogel with microfibers perfectly aligned in 
one direction. (b) Anisotropic deformation due to stress-free dehydration with comparison to the 
isotropic hydrogel. The case is calculated with fiber property parameter 𝐸𝐸� = 𝑁𝑁𝑣𝑣, B = 1. 
Another aspect of the FRG anisotropic mechanical behavior is the contraction of the 
perpendicular cross-section during the uniaxial tension test. When subjected to tension in 
direction 2, the cross-section is the 3-1 plane. According to the FRG material coordinates 
(shown in Figure 5.11a), direction 1 is the direction in which all the microfibers are 
oriented, whereas direction 3 is a transverse direction. Therefore, the contraction of 3-1 
plane is anisotropic when elongate the FRG in direction 2. The shape of the cross-section 
is represented by the trajectory of λ3-λ1 as λ2 increases from 1 to 6 (arrow direction). A 
family of these trajectories are parametrized by the stiffness of microfibers E. The baseline 
case of isotropic hydrogel (E=0) exhibits an equal contraction since λ3-λ1 extends along 
the 45° line. Once the microfiber stiffness becomes positive, the λ3-λ1 curve deviates from 
the isotropic case. The contraction in the fiber direction is smaller compared to the 
contraction in the transverse direction, thus for E>0 the λ3-λ1 curves appear below the 





the transverse direction 1, the monotonically increasing J indicates that the FRG continues 
to absorb water as it gets elongated. The FRG with stiffer microfibers tends to be more 
capable of water uptake at same λ2.  
 
Figure 5.10 Uniaxial tensile behavior of anisotropic hydrogel with microfibers perfectly aligned in 
one direction. Schematic of uniaxial loading (a) along the fiber distribution direction and (b) in the 





distribution plane and along the transverse direction for hydrogels with different fiber properties: 
(c) 𝐸𝐸� = 𝑁𝑁𝑣𝑣, B = 1, (d) 𝐸𝐸� = 0.5𝑁𝑁𝑣𝑣, B = 1, (e) 𝐸𝐸� = 𝑁𝑁𝑣𝑣, B = 0.5, and (f) 𝐸𝐸� = 0.5𝑁𝑁𝑣𝑣, B = 0.5. 
 
                                                 
Figure 5.11 Anisotropic contraction of the cross-section perpendicular to the loading direction. (a) 
Schematic of uniaxial loading in the transverse direction 2. (b) Contraction in direction 1 (along 
the fiber) and in direction 3 (another transverse direction) for four cases: 𝐸𝐸� = 2𝑁𝑁𝑣𝑣, 𝐸𝐸� = 𝑁𝑁𝑣𝑣, 𝐸𝐸� =
0.25𝑁𝑁𝑣𝑣, and 𝐸𝐸� = 0 (isotropic hydrogel without microfibers). (c) Volume ratio as a function of 
applied stretch λ2. 
5.3.2 Anisotropic hydrogel with microfibers uniformly distributed in a plane  
The configuration of the hydrogel with uniformly distributed microfibers in a plane are 





2. In this plane the FRG material property is isotropic and the probability of find a fiber at 
any orientation in-plane is 𝜌𝜌 = 1/2π . For an arbitrary single fiber oriented to 𝑵𝑵 =
(cos𝜃𝜃 , sin 𝜃𝜃 , 0) in the reference state, after the deformation the fiber length becomes 𝜆𝜆f =
[𝜆𝜆12 cos2 𝜃𝜃 + 𝜆𝜆22 sin2 𝜃𝜃]
1
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The stress-free swelling and dehydration behavior of such a FRG can be again modeled 
using the stress-free conditions stated in Eq. (18).  
 
Figure 5.12 Anisotropic free-swelling of an anisotropic hydrogel with microfibers uniformly 





distributed in a plane. (b) Anisotropic deformation due to stress-free dehydration with comparison 
to the isotropic hydrogel. The case is calculated with fiber property parameter 𝐸𝐸� = 𝑁𝑁𝑣𝑣, B = 1. 
To demonstrate the anisotropic behavior of FRG with in-plane uniformly distributed 
microfibers, its swelling/dehydration deformation is solved at parameter combination 𝐸𝐸� =
𝑁𝑁𝑣𝑣, B = 1. With the chemical potential of the solvent μ/kT varying from 0~−0.05, the λ–μ 
curve splits from its isotropic counterpart, as shown in Figure 5.12b. Because microfibers 
distribute in 1-2 plane, the in-plane stiffness is reinforced. The FRG material experiences 
less contraction in plane 1-2 when compared to the transverse direction 3. The baseline 
case where 𝐸𝐸� = 0 is plotted in the orange dashed line. If  𝐸𝐸� diminishes from Nv to zero, 
both the in-plane and out-of-plane contraction curves will merge to the baseline curve.  
In Figure 5.13c~f, we plot the in-plane and out-of-plane uniaxial stress-stretch relations for 
four combinations of the microfiber properties. Because of the existence of the microfibers, 
the in-plane stress is higher than the out-of-plane stress at the same deformation. Moreover, 
the anisotropy becomes more pronounced for microfibers with higher tensile modulus, i.e., 
higher E and B. Again, in the direction where there is no fiber (the out-of-plane direction), 
the material mechanical properties are determined by the hydrogel phase itself. Therefore, 
even though the fibers stiffnesses are different in the four cases shown in Figure 5.13c~f, 
the stress-stretch curves are the same in the out-of-plane directions. A comparison between 
the Figure 5.10 and Figure 5.13 shows that the FRGs with planar distribution microfibers 







Figure 5.13 Uniaxial tensile behavior of anisotropic hydrogel with microfibers uniformly 
distributed in a plane. Schematic of uniaxial loading cases: (a) along the fiber distribution plane 
and (b) in the transverse direction. Relations between the dimensionless nominal stress and stretch 
along the fiber distribution plane and along the transverse direction for hydrogels with different 
fiber properties: (c) 𝐸𝐸� = 𝑁𝑁𝑣𝑣, B = 1, (d) 𝐸𝐸� = 0.5𝑁𝑁𝑣𝑣, B = 1, (e) 𝐸𝐸� = 𝑁𝑁𝑣𝑣, B = 0.5, and (f) 𝐸𝐸� = 0.5𝑁𝑁𝑣𝑣, 






                                                             
                                            
Figure 5.14 Anisotropic contraction of the cross-section perpendicular to the loading direction. (a) 
Schematic of uniaxial loading in the in-plane direction 2. (b) Contraction of the cross-section 3-1 
for four cases: 𝐸𝐸� = 2𝑁𝑁𝑣𝑣 , 𝐸𝐸� = 𝑁𝑁𝑣𝑣 , 𝐸𝐸� = 0.25𝑁𝑁𝑣𝑣 , 𝐸𝐸� = 0.06𝑁𝑁𝑣𝑣 , and 𝐸𝐸� = 0  (isotropic hydrogel 
without microfibers). (c) Volume ratio as a function of applied stretch λ2. 
When stretched in the in-plane direction 2, the perpendicular plane 3-1 is an anisotropic 
cross-section. In Figure 5.14b, the λ3-λ1 curves show the cross-section shape evolution as 
λ2 increases from 1 to 5 (arrow direction). The baseline case of isotropic hydrogel (E=0) 
still extends along the 45° line. Even though direction 1 is parallel to the fiber distribution 





than in direction 3 under this specific loading condition. All λ3-λ1 curves for the worked-
out cases are located above the isotropic line, indicating that the out-of-plane shrinkage is 
smaller than that in the in-plane direction. When uniaxially elongate a piece of hydrogel, 
there are two competing mechanisms. The axial stretch causes the transverse cross-section 
to contract due to Poisson’s effect. However, the contraction is compensated by the further 
water absorption under the uniaxial loading condition. The existence of microfiber alters 
the competition of these two mechanisms and find a new balance between them. As in the 
case in section 3.1, the resistance of contraction contributed by the aligned microfibers is 
high, so that the material contracts more in the transverse direction. In comparison, when 
the microfibers are uniformly distributed in the 1-2 plane, the resistance against the 
contraction diminishes. As a result, the water absorption in the out-of-plane direction is the 
dominating factor against the contraction which in turn make the overall out-of-plane 
deformation less than direction 1. More intriguingly, the out-of-plane dimension of the 
cross-section does not deform monotonically as the FRG gets stretched in direction 1, it 
shrinks at the beginning but then starts to recover its original dimension. The volume ratio 
J is plotted in Figure 5.14c: It can be concluded from the J-λ2 relations that the water 
absorption is bounded, in contrast to the case in section 3.1. In addition, the FRG reinforced 
with stiffer microfibers tends to absorb less water. This is another different behavior from 





5.3.3 Anisotropic hydrogel with microfibers following in-plane von Mises distribution 
 
Figure 5.15 Von Mises-type directional distribution of microfibers with concentration parameter 
κ=5, 2, 1, and 0 (uniform distribution in plane). The fiber mean direction is oriented along 0°/180° 
line.  
As a more general case, we next examine the FRG with microfibers following a planar von 
Mises-Fisher distribution. The von Mises-Fisher distribution is analogous to the Gaussian 






where angle θ ranges from 0° to 360, θ0 is the mean direction, κ is the concentration factor, 
and I0(κ) is the first-type hyperbolic Bessel function of order zero, I0(κ) is a constant at a 
given κ. Since a microfiber extends in both directions along its axis and is indistinguishable 
in either direction, the distribution of the microfibers has central symmetry. The von Mises-
Fisher-type distribution of microfiber should take the form of 𝜌𝜌vms = 1 2⁄ [𝑓𝑓(𝜃𝜃|𝜃𝜃0, 𝜅𝜅) +










Plotted in Figure 5.15 is the microfiber distribution at different concentration factors. When 
κ is higher the fibers are more concentrated and approaches the perfectly aligned case as in 
section 3.1. When κ is zero the distribution recovers the case of uniformly oriented 
microfibers discussed in section 3.2. The configuration of the hydrogel with von Mises-
Fisher distribution at κ=2 is depicted schematically in Figure 5.16a. The fiber arrangement 
is confined in plane 1-2 and the mean distribution is along material coordinate direction 1. 
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The stress-free swelling and dehydration behavior of such a FRG can be solved by setting 
the stresses in Eq. (24) to zero. The free-swelling stretches are shown in Figure 5.16b with 
the comparison to the isotropic hydrogel. Since the FRG has all the three different material 
directions, the free-swelling curves splits into three unique curves. Lacking fiber 





is subjected to chemical potential change. Furthermore, as the fibers prefers to orient in 
direction 1 rather than 2, the shrinkage in direction 1 is accordingly smaller.  
The uniaxial tensile stretch along the microfiber distribution mean direction at finite κ is 
plotted in Figure 5.17b. As the figure shows, the stress-stretch curves are bounded by the 
perfectly aligned case where κ=∞ and the in-plane uniform distribution case where κ=0. 
The more fibers orient along the loading direction, the stiffer the FRG becomes.  
The cross-section shape evolution also exhibits a transitional behavior as the microfibers 
becomes more uniformly scattered from perfect aligned, as described in Figure 5.18b. As 
the preceding discussion has mentioned, if the fiber distribution is more concentrated, the 
stiffening effect in the fiber mean direction dominates so that the deformation is less than 
in the transverse directions. As the microfibers get more dispersed, the reinforcement is 
gradually overcome by the swelling-induced elongation of the out-of-plane dimension. As 
a result, as κ becomes smaller, the λ3-λ1 curve transits from the lower side of the isotropic 
contraction line to the above side. 
 
Figure 5.16 Anisotropic free-swelling of an anisotropic hydrogel with microfibers following in-





in-plane von Mises distribution. (b) Anisotropic deformation due to stress-free dehydration with 
comparison to the isotropic hydrogel. The case is calculated with fiber property parameter 𝐸𝐸� = 𝑁𝑁𝑣𝑣, 
B = 1, and κ=2. 
 
Figure 5.17 Uniaxial tensile behavior of anisotropic hydrogel with microfibers following in-plane 
von Mises distribution. Schematic of uniaxial loading (a) along the fiber preferred distribution. (b) 
Relations between the dimensionless nominal stress and stretch with different fiber distribution 
parameters: κ=1, 2, and 5. Comparison with the perfectly aligned and uniformly distributed cases. 
 
Figure 5.18 Anisotropic contraction of the cross-section perpendicular to the loading direction. (a) 
Schematic of uniaxial loading in material direction 2 of a FRG with von-Mises-type distribution in 
1-2 plane. (b) Contraction of the cross-section 3-1 for three different distributions: κ=2, 5, 10, with 





In this section, we have explored the basic aspects of FGR with various fiber 
configurations, including the anisotropic stress-free swelling/dehydration, as well as the 
uniaxial tension performances in different material directions. It has been demonstrated 
that the composition of microfibers into the hydrogel matrix promises an array of 
anisotropic mechanical behaviors in addition to its already rich multi-physics behaviors. 
The next section is dedicated to a discussion of the application of the proposed constitutive 
framework to model the mechanical performance of a cellulose-nanofiber-based soft 
actuator.  
5.4 Soft actuator driven by the drying of a cellulose nanofiber film on a 
polyimide substrate 
5.4.1 Cellulose nanofibers (CNF) and the CNF/PI bilayer actuator 
Among the myriad potentials and applications of anisotropic soft materials, soft actuators 
capitalizing the anisotropy to achieve optimized actuation performances have attracted 
tremendous attentions. Recently, we have developed a bilayer soft actuator based on the 
drying of a cellulose nanofiber (CNF) film with selectively aligned cellulose fibers.  
When a fiber reinforced hydrogel thin film formed by the CNF/water network is deposited 
on a polyimide (PI) substrate, this bilayer structure becomes a humidity responsive 
actuator, as shown in Figure 5.19a and b. Since the CNF hydrogel is prepared in an aqueous 
solution where the relative humidity (RH) is 100%, if exposed in room condition where the 
relative humidity is less than 100%, the water molecules inside the CNF hydrogel will flow 





RH through 𝜇𝜇 = 𝑁𝑁B𝑁𝑁 log𝑅𝑅𝐻𝐻 ). The drying of the CNF top layer is accompanied by a 
significant amount of volume shrinkage, enabling the actuation of the bilayer to scroll up 
into a ring. Depending on the fabrication process, the CNF/PI actuator can be made either 
with aligned CNFs oriented along the width of the film or randomly distributed CNFs in 
all in-plane directions. It is indicated in Figure 5.19b that the soft actuator with aligned 
CNF possesses an enhanced actuation performance. 
5.4.2 Model and the results 
The bilayer bending problem driven by differential deformation is a classic topic of solid 
mechanics. An analytical solution was provided by Timoshenko to the CTE-mismatch-
induced bilayer bending made of linear elastic materials [165]. Although it is a common 
practice to represent (and misrepresent) the hygro-mechanical swelling process using a 
thermo-mechanical expansion analogy, this specific problem of CNF drying on a PI 
substrate is not one of the perfectly suitable cases for Timoshenko’s approach. Firstly, 
thermo-mechanical analysis requires a reference temperature to begin with. It remains an 
open question how to estimate the initial dimensions of the CNF layer corresponding to 
such a reference temperature to set up the model. More importantly, in order to introduce 
the anisotropy and further investigate the actuation performance enhancement due to CNF 
alignment, different coefficients of thermal expansion (CTEs) have to be prescribed to 
different material directions. However, the proportion in which the total volumetric 
deformation is divided into each material direction cannot be prescribed in an a priori 






The proposed constitutive model of fiber reinforced hydrogel overcomes these limitations. 
As discussed in section 2, the water concentration at the stress-free reference state of the 
as-synthesized CNF hydrogel can be determined by the material parameter Nv and χ. 
Furthermore, the present constitutive framework enables the capability of linking the 
material anisotropy directly to its microscopic structure, rather than a phenomenological 
prescription of CTE which does not provide any insight into the origin of the anisotropic 
CTE. The evaporation process is modeled by varying the chemical potential as a boundary 
condition, consequently, the water loss is solved as a field variable. Therefore, it is 
physically more rigorous to apply the FRG model to study the deformation mechanics of 
the CNF/PI soft actuator.  
We first focus our attention to the situation where the thickness of the CNF layer is 
relatively thin compared to the thickness of the PI substrate. When this condition holds 
applicable, we immediately, have the following simplifications:  
I. The material state variables (strain, stress, and water concentration etc.) are the 
same through the thickness direction; 
II. The out-of-plane stress component (stress normal to the CNF surface) becomes 
negligible when compared to the in-plane components.  
III. The mechanical interaction between the CNF and PI layer is the interfacial tangent 
stress, which can be lumped into an axial force P along the interface, as shown in 





For the CNF/PI bilayer actuator, the width is also substantially smaller than the longitudinal 
dimension in order to make sure that the bending deformation is preferred in the 
longitudinal direction. Thus, we have another simplification: 
IV. The deformation in the width direction can be neglected, i.e., ε1=0 or λ1=1.  
The moment resulting from translating the axial force P from the interface to the PI 
substrate neutral plane activates the bending of the entire bilayer structure. The moment is  
 𝑀𝑀 = 𝑃𝑃ℎs/2 (5.25) 
where hs denotes the thickness of the PI substrate. Invoking the pure bending deformation 







The deformation compatibility requires that at the interface length of the CNF film equals 
the length of the PI substrate, providing an additional equation for the CNF deformation: 
 𝜆𝜆2 = −
3𝑃𝑃
𝐸𝐸sℎs𝑏𝑏
+ 1 (5.27) 
The force balance of the CNF layer dictates that  
 𝑃𝑃 = 𝑠𝑠2𝑏𝑏ℎf (5.28) 
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The above analysis introduces two extra parameters to the model, Esv/kBT being the 
Young’s modulus of the elastic PI substrate normalized by kBT/v, and hf/hs being the 
thickness ratio between the CNF film and the substrate. Similarly, for the CNF film layer 
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Solving Eqs. (30) and (31) for λ2 and λ3 at varying chemical potential µ, then the bending 
curvature is calculated using Eq. (26) and the volume ratio can be evaluated using J=λ1λ2λ3 





is plotted in Figure 5.19e ~ h. A comparison between the aligned CNF actuator with its 
isotropic counterpart shows that the anisotropic CNF configuration enables a bending 
curvature 2 to 2.5 times higher at the same chemical potential or moisture loss level. Since 
the CNFs are aligned along the actuator width, the contraction in the longitudinal direction 
of the active CNF film is not confined. However, if the CNFs are randomly oriented in all 
possible in-plane directions, the contraction of the actuator causes energy penalty due to 
the compression of the microfibers. The water content loss will introduce more deformation 
in the out-of-plane normal direction to compensate the less contraction in the longitudinal 
direction. All the cases are solved at various geometry factor hf/hs, as expected, a thicker 
CNF film leads to a larger activated deformation. As the chemical potential decreases, the 
CNF hydrogel continues to lose water but the deformation approaches to a final shape as 
water content has been depleted. The final curvature is evaluated at µ/kBT=−1. The 
dependence of the bending curvature on hf/hs is also shown in Figure 5.20b, for both aligned 
CNF and randomly distributed CNF actuators.  
Next, we can also calculate the lifting force by clamping the CNF/PI bilayer stripe in the 
axial direction. The lifting force is the reaction force induced over the two ends where the 
fixed boundary condition is applied. Figure 5.20a plots the lifting forces as a function of 
the volume ratio. It can be concluded that the anisotropic actuator has a lifting capacity 











Figure 5.19 Analysis of a cellulose nanofiber (CNF) film drying on a polyimide (PI) substrate. (a) 
Schematic of aligned and isotropic CNF films. (b) An illustration of the deformation sequence of 
the CNF thin films drying on polyimide substrate at various water loss levels. (c) Free body diagram 
of the bilayer upon CNF film shrinkage. (d) Schematic of the bending of the bilayer. Deformation 
of the aligned CNF/PI bilayer: (e) Bending curvature as a function of chemical potential and (f) 
bending curvature as a function of volume ratio. Deformation of the isotropic CNG /PI bilayer at 
(g) various chemical potentials and (h) volume ratios.  
 
Figure 5.20 Lifting force and the final deformation of the CNF/PI actuator (a) Lifting force of the 
CNF/PI actuator as a function of volume ratios for aligned CNF active layer and isotropic CNF 
active layer. (b) Final bending curvature as a function of thickness ratio hf/hs evaluated at μ/kBT=−1.   
5.5 Summary of Chapter 5 
From the perspective of micromechanics, we establish a physics-based constitutive suitable 
for microfiber reinforced anisotropic hydrogels. The hydrogel/fiber material system can be 
described by a thermodynamics free energy composed of three terms: the strain energy 
related to the polymer network deformation, the mixing energy due to the water association 
with hydrophilic polymer chains, in addition to the deformation energy stemming from the 
microfibers. On condition that the volume fraction of the microfiber phase is small, we 





and the deformation of its constituent phases. The hydrogel phase shares the same 
deformation of the entire composite material, while the one-dimensional microfibers 
experience length change. The proposed constitutive model provides a framework to 
account for microfiber directional distributions, enabling the capability to investigate 
hydrogels with different fiber configurations. The fiber reinforced hydrogel anisotropic 
behaviors are examined in terms of anisotropic swelling/dehydration, uniaxial tensile 
stress-strain relations, as well as the anisotropic cross-section contraction under uniaxial 
tensile loading. 
Moreover, we demonstrate the FRG constitutive law is advantageous over the previous 
linear elastic model and more suitable for the anisotropic soft materials. we analyze the 
microstructure of chemically treated cellulose nanofibers, and the CNF hydrogel 
crosslinked via a percolating network of hydrogen bonds.  The FRG constitutive model is 
applied to the CNF hydrogel to evaluate the actuation performance of CNF based bilayer 
actuators with aligned CNF film and uniformly distributed CNF active layer. We expect 
the propose model to provide insight into the deformation mechanics of fiber reinforced 
anisotropic hydrogels and promote the development of this novel type of anisotropic soft 






Chapter 6: Conclusions and Outlook 
6.1 Summary and Concluding Remarks 
Under the topic of Deformation Mechanics of soft Matter under External Stimuli, this 
doctorate research is dedicated to push the boundary of the advanced topics in the 
mechanics of soft matters, specifically in attempts to: 
I. Study the chemo-mechanical interaction of the solvent molecules and the polymeric 
network in a hydrogel and its impacts on the failure mechanics of a hydrogel thin-
walled structure under internal inflation.  
II. Apply the dielectric elastomer in soft sensor technology and propose a facile and 
powerful force sensor with in-situ tunable sensitivity,  
III. Develop a novel light-responsive hydrogel material system with the application of 
bio-mimicking shape change and develop a corresponding deformation mechanics 
analytical framework to guide the material design.  
IV. As well as enrich the theoretical scheme formulated by thermodynamics theory to 
model the behavior of a type of fiber-reinforce anisotropic hydrogel.  





6.1.1 Novelty and significance of Chapter 2: Deformation of a hydrogel balloon and 
the delayed burst of a hydrogel balloon subjected to inflation 
The past decade has witnessed great research interests in hollow thin-shell structures of 
soft material. In applications such as soft actuator and soft robots, the shell is inflated by 
inner pressure to deliver swift deformation; when used as drug delivery systems, the shell 
is fractured by burst in a controllable fashion to release its encapsulated content. Even 
though the inflation and burst of an elastomeric thin shell has long been a canonical topic 
of solid mechanics, insights still remain elusive for the instabilities of its hydrogel-based 
counterparts whose burst behavior diverges from that of rubber thin shells.  
In this chapter, we report for the first time the delayed burst phenomenon of a hydrogel 
balloon. That is, when a hydrogel balloon is subject to a subcritical pressure less than the 
instantaneous burst pressure, the hydrogel balloon remains stable for a span of time, and 
then burst suddenly. We refer to such a failure mode as delayed burst to highlight its 
delayed onset. Such a counterintuitive failure mode is more detrimental owing to its latent 
nature, and therefore, its understanding is of crucial importance in the mechanics of 
hydrogels as well as in the aforementioned applications. The study provides a systematic 
account of the delayed burst mechanism and indicates that the delayed burst hinges upon 
the physics of interaction between the solvent and the polymer network. The novelty and 
theoretical significance of the present study include: 
I. Reveal the delayed burst of hydrogel thin-shell structures as a new failure 
mechanism, which is dissimilar from the instantaneous burst of a rubber shell: at a 





failure mode is attributed to the unbounded swelling which accompanies the 
inflation process.  
II. Predict the existence of three distinct inflation modes: equilibrium inflation, 
delayed burst, and instantaneous burst. Delineate a map of the three inflation modes 
of a thin-shell structure in the space of applied pressure and initial material stiffness 
by identifying the critical pressures for delayed and instantaneous burst.  
III. Investigate the inflation of thick hydrogel balloons and find that the prominence of 
delayed burst diminishes as the wall thickness increases. Further predict that the 
delayed cavitation failure becomes irrelevant for a small void defect under inner 
pressurization. 
The research findings have a significant impact in the theoretical understandings of the 
failure mechanics of hydrogel thin-shell structures and also in the development of soft 
actuators.  
6.1.2 Novelty and significance of Chapter 3: Deformation of dielectric elastomer 
under through-thickness voltage and a DE-based force sensor 
Enhanced and in situ tunable sensitivity is highly desirable for force sensors, but has been 
proved challenging. Existing force sensors depends heavily on ingenious but complex 
structural designs, imposing tremendous difficulty in fabrication and usually featuring a 
fixed sensitivity. To fill this gap, we propose for the first time a facile design of capacitive 
tactile force sensor with an enhanced and tunable sensitivity using electro-mechanically 





indicates that, by leveraging the tunable mechanical behaviors of dielectric elastomer in 
response to a pre-stretch and a voltage, the effective sensitivity of the present dielectric 
elastomer force sensor can be continuously increased for over 40 times, which is otherwise 
prohibitively challenging. The novelty and significance of the present study include: 
I. Present a facile design of capacitive tactile force sensor using a dielectric elastomer 
subjected to a modest voltage and a pre-stretch. 
II. Demonstrate that the effective sensitivity of the abovementioned force sensor is 
enhanced by more than one order of magnitude compared to conventional polymer-
based force sensor, and is in situ tunable by simply varying the applied voltage. 
III. Define the safety working range of the dielectric elastomer force sensor by 
investigating the hazardous electrical breakdown complicated by the 
electromechanical instability of dielectric elastomers. 
The research findings described in this chapter have a significant impact in the 
development of soft robot skins and open a broad avenue of using advanced materials in 
novel tactile sensor designs. It is believed that the significance and content of this chapter 
should be of wide interest in the community of theoretical solid mechanics as well as 
experimental solid mechanics.   
6.1.3 Novelty and significance of Chapter 4: Deformation of light-responsive 
hydrogel 
Existing soft matter based shape transform strategy are limited by patterning the desired 





organism shape transform. Inspired by the Nature’s rich morphological transform 
strategies of living organisms, we propose a novel hydrogel material system composed of 
thermos-sensitive PNIPAM hydrogel and photo-thermal AgNPs. The hybrid hydrogel is 
featured by (1) light-responsive deformation (2) reprogrammable deformation (3) fast 
morphology transformation.  
We developed for a theoretical framework to simulate the light-responsive deformation of 
the proposed hybrid hydrogel system. The analytical capability is a coupled thermos-
mechanical model and is implemented in finite element analysis package ABAQUS. This 
is the first time that the thermodynamic of the deformation mechanics of temperature 
sensitive hydrogel is applied to a coupled thermos-mechanical analysis and is used for 
providing guidance to develop a novel hybrid hydrogel. Our research shed light on the 
mechanism of the shape transform of the PNIPAM/AgNPs hydrogel. We have found that: 
I. The photo-thermal effect of the AgNPs induced an asymmetric temperature field 
inside the hydrogel body in both in-plane directions and through thickness 
directions 
II. The temperature gradient established through the photo-thermal effects further 
causes differential swelling behavior of the temperature-sensitive PNIPAM 
hydrogel, which in turn activate the shape transform of the hydrogel sheet.  
III. The temperature gradient relies on a delicate balance between the laser power input 
into the hybrid hydrogel and the heat dissipation through convection. Therefore, 
convection has a bearing on the activated deformation. In case of destruction of the 





The research findings described in this chapter have a significant impact in the 
development of soft-matter-based biomimicking shape transform strategies, as well as the 
development of mechanics theories on multi-physics deformation behavior of advanced 
functional hydrogels.  
6.1.4 Novelty and significance of Chapter 5: Deformation of fiber-reinforced 
anisotropic hydrogel 
The most recent years has witness a surging growth in research interests in anisotropic 
hydrogel, in an attempt to mimic Nature soft materials anisotropic behavior and further the 
applications of hydrogel. Despite its promising outlook in many aspects, there is still a 
profound lack of well formulated mechanical models to properly capture and to quantify 
the deformational behavior of anisotropic hydrogels. Existing constitutive models on fiber-
reinforced hydrogels are either phenomenological in which the origin and physics of the 
fiber reinforcement effect is elusive or fallaciously based on the traditional composite 
material theories where the large deformation and mass transport of water are not 
accounted for.  Either approach lacks a proper treatment addressing the coupled chemo-
mechanical swelling of the material and a sufficient insight in the microscopic pictures of 
the fiber. Motivated by this delinquency in the theoretical efforts, we have established a 
physics-based constitutive model suitable for microfiber-reinforced anisotropic hydrogels. 
The novelties of this chapter are: 
I. From the perspective of micromechanics, large deformation, mass transportation, 





II. A fiber directional distribution can be naturally included in the proposed 
constitutive framework, which makes possible the investigation of various fiber 
reinforcement configurations.  
III. Using this model, we explore several important anisotropic mechanical behaviors 
of the hydrogel, including the anisotropic swelling, and anisotropic stress-strain 
relation in uniaxial tensile loading.  
IV. Moreover, we have successfully applied the present model to a type of cellulose-
nanofiber-based wood hydrogels, and have analyzed the performance of a 
CNF/Polyimide bilayer humidity-active actuator.  
We believe the research findings and the proposed constitutive model in this chapter to be 
impactful in the development of anisotropic hydrogels, both experimentally and 
theoretically.  
6.2 Future work 
Standing at this point and looking around the landscape of the current research efforts 
within the regime deformation mechanics of soft matters, the author has identified and 
suggested the following research proposals which can be made as extensions of the scope 
of this dissertation.  
I. Developing and synthesizing hydrogels with superb mechanical properties, for 
example: tough hydrogels which are based on double-network microscopic 





corresponding solid mechanics framework to help unveil the mechanisms of the 
bestowed extreme mechanical performance.  
II. Extending the current failure mechanics theory into the realm of soft material 
systems. Among fatigue, fracture, cavitation, damage, plasticity, visco-plasticity 
and Mullins effect, some of the failure mechanics are established upon conventional 
metallic materials, and the others are related to soft materials. The extension should 
be based on extensive experiment evidences or molecular simulation to shed light 
on the underlying physics of these phenomena.  
III. Extending the current thermodynamics-based deformation mechanics theory of 
hydrogel to physically cross-linked hydrogels, such as those formed by hydroxyl 
bonds, in order to account for the dissipative energy lost into bond reorganization.  
IV. Combining molecular dynamics simulation into the current continuum mechanics 
framework to establish a multi-scale mechanics model, in order to include multi-
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